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ABSTRACT OF THE DISSERTATION
HYDROGEOPHYSICAL CHARACTERIZATION AND IMAGING IN THE
MANGROVE LAKES REGION OF EVERGLADES NATIONAL PARK AND BIG
PINE KEY, FLORIDA, USA
by
Michael Eyob Kiflai
Florida International University, 2020
Miami, Florida
Professor Dean Whitman, Major Professor
Coastal groundwater aquifers are susceptible to saltwater intrusion from natural and
anthropogenic sources. Everglades National Park (ENP) has been adversely impacted by
past human activities that altered freshwater flow through the system. In Big Pine Key
(BPK), the flat and low-lying topography less than 2m makes the freshwater lens
vulnerable to tidal and storm surge events. This study investigated different inversion
scenarios and used Electrical Resistivity Tomography (ERT) and Electromagnetic (EM)
survey to characterize the spatial and temporal change of the groundwater chemistry and
image the aquifers. In Big Pine Key, Hurricane Irma made landfall as a category 4 storm
with storm surge heights in excess of 2 m. The study compared ERT images along three
profiles ranging between 220 and 280 m length collected in 2011 with post-storm data
collected about 3 to 4 months (November 2017/January 2018) and 8 to 11 months
(May/December 2018) after Irma. The post-storm data documented that the storm surge
impacted the freshwater lens on all three profiles with low resistivity (i.e., high salinity)

vii

zones in the upper 2 m. These data showed 40 % and 70 % recovery of the freshwater lens
in May and December 2018 and most pronounced in the lower elevation of the profiles.
In the Mangrove lakes of the Everglades, a constrained water depth (fixed water
layer thickness) inversion model is selected as an effective inversion approach. In our
study, we estimated a formation factor 10.7 with a standard deviation of 1.81 by comparing
the bulk resistivity measured using a floating Dipole-Dipole array and coincident
conductivity data from the wells. Between, 2016 to 2019, the spatial salinity variation on
the lakes showed west to east increase in surface water salinity and west to east decrease
in groundwater salinity. In addition, the salinity of the surface water and groundwater
increased from North to South and suggested freshening of the groundwater and may
reflect the effects of increased flow caused by restoration efforts.
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1. Introduction
1.1. Background
Groundwater is one of the most important natural resources worldwide and used for
drinking, agriculture, industry, recreation, and environmental activities. It is the world’s
most extracted raw material, with an estimated withdrawal rate of 982 km3/year (NGWA
2013). The global distribution of saltwater on earth accounts for 97%, and only 3% is fresh
water. Out of the freshwater, 68.7 % is frozen in glaciers and polar ice caps (Igor 1993,
NSIDC 2020). The remaining part found as groundwater accounts for 30.1 % with a small
fraction in surface and atmospheric water (UNESCO 2015). Coastal groundwater aquifers
are susceptible to saltwater intrusion and storm surge caused by natural and anthropogenic
sources. In Florida, the Everglades National Park (ENP) has been adversely impacted by
past human activities that altered freshwater flow through the system, which results in
ecosystem degradation. Besides, the recurrence of storm surge induced disturbance is
frequent in Big Pine Key (BPK), FL, yet its impact and recovery rate of the freshwater lens
is not well documented. Therefore, mapping of the freshwater resources and regularly
monitoring the hydrological condition is required for proper water management practice
and conservation actions.
Geophysical methods such as electrical resistivity and electromagnetics are rapid and
noninvasive geophysical methods for measuring groundwater properties and characterizing
the spatial and temporal variability of subsurface formations (Binley and Kemna 2005).
These methods include electrical and electromagnetic (EM) methods such as DC
resistivity, electrical resistivity tomography (ERT), Frequency domain electromagnetic
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(FDEM), and time-domain electromagnetic (TDEM) surveying. These methods are
commonly used in near-surface geophysics because the subsurface electrical properties are
easily correlated to the physical and chemical properties of fluids within the pore space
(Binley 2015). These methods can produce a high-resolution image of the shallow
subsurface formation and have been widely used in hydrogeology and environmental
studies.
Geophysical methods have been used increasingly in groundwater and surface water
interaction study. Generally, the near-surface geophysical technique aims at (1)
characterization of the subsurface formation, (2) delineating the groundwater and surface
interaction zones, and (3) monitoring the hydrological dynamics (McLachlan 2017).
Specific examples include detection depth to bedrock, depth to the water table, saltwater
intrusion dynamics, contaminant transport, mapping of lithology, aquifer storage recharge,
and so on. Some limitations of the geophysical methods include measurement scale and
resolution if the target area is small (Binley 2015), non-uniqueness of the solution (Loke
et al. 2013; Day-Lewis et al. 2006), and calibration problems in EM methods (Tan et al.
2019).
In this study, to overcome some of the challenges, we compared 1-D constrained and
unconstrained electrical resistivity and EM inversion methods. In addition, we proposed a
multi-linear regression EM calibration approach. Furthermore, we focused on evaluating
the spatial and temporal changes in the groundwater chemistry in the Mangrove Lakes of
Everglades National Park (ENP) using electrical and electromagnetic geophysical surveys
and surface water and groundwater sampling. Understanding the hydrochemistry of the
aquifer can help to establish sustainable water resources management. Secondly, we
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focused on assessing the impact of Hurricane Irma storm surge on the freshwater lenses
and recovery history in Big Pine Key (BPK) using ERT and well data. Documentation of
the freshwater availability will promote conservation actions and management efforts for
the habitats.
1.2. Geology of the Study Area
The hydrogeological framework of Florida is comprised of the Floridan aquifer system
(FAS) and the surficial aquifer system (SAS). The surficial aquifer system is divided into
two flow units, separated by the less permeable semi-confining unit. The SAS is
approximately 50 to 80 m thick and comprises the upper Biscayne aquifer flow unit and
lower Biscayne flow unit (Cunningham et al. 2001). The Biscayne aquifer is the principal
aquifer system in south Florida and declared as a sole-source aquifer. It is one of the most
permeable shallow non-artesian (unconfined) aquifers in the world and covers an area of
about 10000 square Km (Miller 1990). The aquifer extends along the eastern coast from
southern Miami-Dade County into coastal Palm Beach County. The Biscayne aquifer
underlies the Everglades as far north as northern Broward County (Fish and Stewart 1991).
It is wedge-shaped about 60 m thick near the coast and thins out to west about 12 m near
the Everglades (Fish and Stewart 1991).
The geology of the study area consists of Miami formation and Key Largo Limestone.
The Miami formation occurs in the southern part of Florida and the southernmost Keys and
consists of two facies, namely the Oolitic facies and a bryozoan facies (Neal et al. 2008).
The Miami Oolite is composed of white to gray, poorly to moderately consolidated sand
and Oolitic limestone, while the bryozoan facies consists of fossiliferous limestone.
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In Biscayne aquifer, the porosity ranges from 5.5 % to 79 %, with a maximum porosity
around 40 % in most sites (Yeboah-Forson et al. 2014). The highly porous and permeable
upper Biscayne aquifer has the highest hydraulic conductivity of average value 2500 m/day
and ranges from 2000 m/day to 3000 m/day (Prinos et al. 2014). As a result of the high
porosity and permeability, the aquifer is highly susceptible to ground-water contamination
and most commonly vulnerable to saltwater encroachment, storm surge, and infiltration of
various chemicals and pesticides.
1.3. Electrical and Electromagnetic methods
1.3.1.

Electrical Properties of Porous Media

Apparent conductivity and its reciprocal apparent resistivity are commonly used
physical parameters in electrical and electromagnetic methods. Apparent conductivity is
the conductivity of homogeneous earth that would produce the same electric and /or
magnetic fields measured by the instrument. Apparent conductivity (σ) is used mostly in
EM methods, and the SI unit is Siemens per meter (S/m). Electrical resistivity is defined
as a bulk property of material describing how materials allow electric currents to flow
through it. Resistivity is commonly used in DC electrical resistivity methods. The SI unit
of resistivity (ρ), is ohm-m (Ω.m). In electrical resistivity, for a homogeneous and isotropic
half-space, the measured relationship between current and potential difference for a
particular electrode spacing is referred to as apparent resistivity.
The electrical conductivity (resistivity) of materials varies by several orders of
magnitude. Most rock-forming minerals are insulators, and an electric current is carried by
the passage of ions in pore water. Thus, most rocks conduct electricity by electrolytic
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conduction of ions that take places through the moistures filled the pores media. The
resistivity of a material depends upon rock type, porosity, connectivity of pores, nature of
the fluid, and metallic content.
Electrical and electromagnetic methods can provide an effective mechanism to map
the salinity of the subsurface formation by measuring the electrical conductivity. The bulk
conductivity of rock is mainly caused by the electrolytic conduction in the pore fluids and
depends on several parameters such as porosity, clay content, degree of saturation, and
cementation. The pore fluid conductivity 𝜎𝐺𝑊 , and the bulk conductivity of the rock
𝜎𝑟𝑜𝑐𝑘 are related by:
𝜎𝐺𝑊 = 𝐹𝜎𝑟𝑜𝑐𝑘

(1.1)

where F is the formation factor. The formation factor can be determined by coincident
measurements of groundwater and formation conductivity or from empirical relationships
such as Archie’s Law (Archie 1942). The estimated formation factor can be used to infer
the electrical conductivity of the pore fluids. Then, the salinity of the subsurface formation
can be calculated using the general equation given by Wagner et al. (2006).
1.3.2. Electrical Resistivity
Electrical Resistivity provides a rapid and noninvasive set of techniques for
monitoring groundwater. It is a powerful tool to characterize the spatial and temporal
variability of subsurface formations. In this method, a current is injected across a pair of
electrodes. Then, the voltage difference between the potential electrodes is measured. The
voltage difference is a function of the current injected and the resistivity beneath the
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electrode array. For a 3-D, isotropic distribution electrical resistivity 𝜌(𝑥, 𝑦, 𝑧), electrical
potential 𝑉 (𝑥, 𝑦, 𝑧) due to the current electrode (I) is defined as
𝟏
𝜌

𝛁 ⋅ ( 𝛁𝐕) = -I δ(x)

(1.2)

(Binley 2015; Sharma and Verma 2015).
In the electrical resistivity method, commonly used electrode configurations include the
Wenner, Schlumberger, and Dipole-Dipole arrays (Figure 1.2). In the Wenner array, the
electrode spacing (a) are all equal, and the apparent resistivity can be expressed as:
𝜌𝑎 =

𝟐 𝜋𝑎𝛥𝑉
𝐼

(1.3)

In Schlumberger array, the potential electrodes (M and N) spacing is much smaller than
the current electrodes (MN<0.2* AB) (Binley 2015). The apparent resistivity can be
expressed as:
𝜋(𝑠 2 − 𝑎2 )𝛥𝑉
𝜌𝑎 =
𝐼

(1.4)

In Dipole-Dipole arrays, the dipoles are equal in width (a) and separated by a distance n*a,
where n is an integer multiplier. The apparent resistivity can be expressed as:
𝜌𝑎 = 𝜋𝑛(𝑛 + 1)(𝑛 + 2)𝑎

𝛥𝑉
𝐼

(1.5)

The fundamental relationship between electrical potential and resistivity of stratified earth
is given by:
𝑉 (𝑟 ) =

∞
𝐼𝜌1
(1 + 2𝑟 ∫ 𝐾(𝜆) . 𝐽0 (𝜆𝑟). d𝜆)
2𝜋𝑟
0

(1.6)

where K is the Kernel function, controlled by the resistivities 𝜌𝑖 (𝑖 = 1,2,3 … 𝑛) and
thickness of the layers ℎ𝑖 (𝑖 = 1,2,3 … 𝑛 − 1) and 𝐽0 is the zero-order of the 1st kind Bessel
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function. For the 1-D case of flat homogeneous layers, computation of electrical potential
and resistivity can be achieved using recurrence formulas and linear filtering techniques
(Koefoed 1979; Anderson 1979).
Vertical electrical sounding (VES) is a 1-D resistivity method using measurements
are made at the surface by systematically varying the electrode spacing. When the electrode
spacing increases, the depth of penetration increases, and we capture in-depth information
of the subsurface. Electrical resistivity tomography (ERT) provides a 2-D and 3-D
resistivity method for imaging sub-surface formations using electrical resistivity
measurements made at the surface. In electrical resistivity, a 1-D, 2-D, or 3-D images can
be produced by combining a vertical sounding and /or surface profiling. Computation for
2-D and 3-D models are typically performed with finite difference or finite element
techniques (Sharma and Verma 2015).
In my current research project, an electrical resistivity method such as a floating
Dipole-Dipole configuration array and electrical resistivity tomography (ERT) were used.
In ENP, the floating array was designed to gain better information about the lake subbottom conductivity and inverted to 1-D sounding models. In BPK, we used ERT to
produce a 2-D subsurface image along the profile lines and VES data to calibrate EM
measurements.
1.3.3. Electromagnetism (EM)
Electromagnetism uses the principles of electromagnetic induction to map
variations in electrical conductivity. EM waves from a transmitting coil induce eddy
currents in the subsurface, which resulting in a secondary magnetic field detected in a
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receiver coil. The EM data are modeled to infer the electrical conductivity of the
subsurface. Electromagnetic methods measure the response of the subsurface formation
that results from the propagation of an electromagnetic wave (Oristaglio, and Hohmann
1984). The waves propagation is governed by the damped wave equation
⃗
𝜕𝐵
𝜕2𝐵
∇ 𝐵 − µ0 𝜎
− µ0 Є
= µ0 ∇ × 𝐽
𝜕𝑡
𝜕𝑡 2
2⃗

(1.7)

⃗ is magnetic induction, µ0 is magnetic permeability in free space (4𝜋 ×
where 𝐵
10^(−7) 𝐻/𝑚),𝜎 is electrical conductivity, Є is dielectric permittivity and 𝐽 is the current
density. FDEM methods applied at a frequency range of (100 Hz – 200 KHz) and the
propagation term µ0 Є

𝜕 2𝐵
𝜕𝑡 2

(equation 1.7) is small in this frequency range (Everett and

Chave 2019). As a result of this, the propagation term is neglected and the damped wave
equation reduced to the quasi-static formulation of EM induction
⃗ − µ0 𝜎
∇2 𝐵

⃗
𝜕𝐵
= µ0 ∇ × 𝐽
𝜕𝑡

(1.8)

Frequency domain electromagnetic (FDEM) methods use two coils that transmit
and receive primary and secondary magnetic fields. The two commonly used transmitterreceiver geometries are horizontal coplanar loop (HCP) and vertical coplanar loop (VCP)
(Figure 1.3). In FDEM methods, the data of interest are in the in‐phase (real), and out‐of‐
phase (imaginary) components. The measured quantity is usually the ratio of the secondary
magnetic field (𝐻𝑠 ) to the primary magnetic field (𝐻𝑝 ). The ratio of secondary to the
primary field of a vertical dipole (horizontal coils) homogenous half-space is expressed as:
𝐻𝑠
2
= 2 2 [9 − (9 + 9𝛾𝑠 + 4𝛾 2 𝑠 2 + 𝛾 3 𝑠 3 )𝑒 −𝛾𝑠 ]
𝐻𝑝 𝛾 𝑠
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(1.9)

where 𝛾 = √𝑖𝜔µ0 𝜎 is a complex wave number and s is coil spacing (m) (Keller and
Frischnecht 1982; McNeill 1980). The ratio of the secondary to the primary magnetic field
(Hs/Hp) is a complex function that depends on inter-coil spacing (s), frequency (f), and
conductivity (𝜎). The relationship can be simplified and linearly proportional to
conductivity over a homogeneous subsurface under the low induction number
approximation (LIN). The induction number (D) is the ratio of the coil spacing (s) to skin
depth(𝛿) = 1⁄√𝜋µ0 𝜎ƒ . The LIN approximation is valid when the conductivities are
sufficiently low that the operational constraints of the induction number (D<<1) are
respected. McNeill (1980) recommends the LIN approximation should be used where σ ≤
100 mS/m. Under these conditions, the apparent conductivity is proportional to the
quadrature component of the ratio of the magnetic field. Thus, the apparent conductivity
under the low induction number (D) approximation is
𝜎𝑎 =

4
𝐻𝑠
( )
2
µ0 𝜔𝑠
𝐻𝑝

(1.10)

and the contribution of each layer can be modeled independently as a linear combination
of the response of each layer (Figure 1.4). For example, for a three-layer model
𝜎𝑎 = 𝜎1 [1 − 𝑅 (𝑧1 )] + 𝜎2 [𝑅(𝑧1 ) − 𝑅(𝑧2 )] + 𝜎3 𝑅(𝑧2 )

(1.11)

where 𝜎𝑛 the conductivity of the nth layer, R is the cumulative response, and z is the ratio
of depth to coil spacing of the layers (Mc Neill, 1980). The cumulative response function
for a vertical dipole 𝑅𝑣 (𝑧) is give by:
𝑅 (𝑧) = 1⁄√ 4𝑧 2 + 1

(1.12)

For a multiple layered half-space, the mutual coupling ratio varies with the arrangement of
the loops. The coupling ratio (Z) for a pair of vertical dipoles (horizontal coplanar loops)
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above a multi-layer over an infinite half-space was derived by (Wait 1958; Keller and
Frischknecht 1966):
𝑍 = 1 + 𝐵3 𝑇0

(1.13)

where B is the ratio of the coil spacing (s) to skin depth (𝛿) = 1⁄√𝜋µ0 𝜎ƒ . The complex
value function 𝑇0 can be evaluated using the Hankel transform. The basic integral of the
Hankel transform has an input of kernel function 𝑅(𝜆) of an integer n order is given as:
∞

𝑇0 = ∫ 𝑅(𝜆) 𝜆2 𝑒 −𝜆𝐴 𝐽0 (𝜆𝐵) 𝑑𝜆

,𝑏 > 0

(1.14)

0

where 𝐽0 is the zero-order Bessel function, 𝜆 is the radial wave number, 𝐴 is the normalized
height of the transmitter and receiver coil height, 𝑅(𝜆) is the kernel function controlled by
conductivities 𝜎𝑖 (𝑖 = 1,2,3 … 𝑛) and thickness of the layers ℎ𝑖 (𝑖 = 1,2,3 … 𝑛 − 1). The
kernel function can be obtained by the recursion relationship (Koefoed 1979; Verma 1977;
Fitterman 2015).
1.4. Inverse Model
The electrical properties of a rock can be measured using electrical and EM
measurements using the governing equations mentioned above. The electrical conductivity
and resistance measurement can be modeled using the inverse model. Thus, the inverse
model helps to recover information about the subsurface physical properties (Figure 1.5).
Inversion is a mathematical process for determining a model that produces the best fit
between the observed data (𝑑) and the model response (m). The forward operator (𝐹)
relates the agreement between the model and the data (Figure 1.5). In inverse modeling, an
infinite number of models can fit the data with a certain level of uncertainty. The non-
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uniqueness of the inverse problem and the uncertainty of the data error can lead to an
extremely ill-posed solution. Thus, in the inversion process, a unique solution can be
obtained by using additional constraints to the data and the model (Binley and Kemna,
2005; Fitterman 2015), which can be done as a regularized optimization problem. In
regularized optimization, the objective function of the form
𝜙(𝑚) = 𝜙𝑑 + 𝛽𝜙𝑚

(1.15)

is sought to be minimized. The data objective function (𝜙𝑑 ) attempts to honor the data
and the aim of the model function (𝜙𝑚 ) is to put constraints on the model (Fitterman 2015).
The regularization parameter (𝛽) sets a balance between the effects of the data and model
objective functions (Farquharson et al. 2014).
Different regularization optimization techniques have been developed and used by
different authors, such as Occam’s inversion (Constable et al. 1984), layered and laterally
constrained (Auken et al. 2004), versatile inversion (Oldenburg and Jones 2011b), ridge
regression (Stoyer 2008; Inman 1975) and so on. For example, Occam’s inversion solution
fits the measurement with the smoothest possible model, and the inverted models generally
do not show sharp changes (Constable et al. 1984). The Occam's inversion trades off the
roughness of the model improvement and the least-squares error predicted from the
linearized forward problem. Whereas, the ridge regression, trades off the size of the model
improvement (Stoyer 2008; Inman 1975). In the ridge regression, for each iteration, a
model correction is calculated using the best damping factor available for that iteration
(Stoyer 2008).
Equivalency analysis shows the possible range of models that can fit the data. The
results obtained from the inverse model needs careful interpretation. The common
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phenomenon is a different combination of resistivity and thicknesses of the subsurface
layer can produce the same or similar result known as a principle of equivalence Koefoed
(1969). Furthermore, the suppression principle suggests a thin layer with resistivity values
sandwiched between two conducting beds would produce no effect on the resistivity curves
if the products of their thicknesses and resistivities are the same (Kunetz 1966; Sanuade et
al. 2019). Therefore, to reduce this such ambiguity, it is recommended to integrate
resistivity data with other geological or geophysical methods. In addition, the integration
of electrical resistivity data with electromagnetic data is advisable.
1.5. Research Questions and Objectives of this Study
Geophysical methods have been used and applied to solve hydrogeological problems.
In different environmental settings (water or land), the choice of Electromagnetic (EM)
modeling approach depends on the type of instrument used and geological setting.
Similarly, in the electrical resistivity method, it depends on electrical array configuration
and geological setting. My project aims to answer the research questions:
I.

Can

geophysical

techniques

accurately

and

efficiently

characterize

groundwater salinity in the southern Mangrove Lake region of ENP?
II.

Does the groundwater conductivity (salinity) in the Mangrove Lakes of ENP
show a spatial and temporal variation with regard to climate and CERP
initiatives?

III.

How did Hurricane Irma storm surge impact the freshwater lens availability in
BPK?
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We used a floating Dipole-Dipole electrical resistivity array, electrical resistivity
tomography (ERT), frequency domain electromagnetism method (FDEM), surface water,
and groundwater sample to address the research questions mentioned above. Besides,
different inversion scenarios, namely (1) free model, (2) constrained water depth, (3)
constrained water column resistivity, and (4) constrained water depth and resistivity model,
were compared to select an efficient inversion method. Then, the best model was used to
characterize the conductivity of the subsurface formation.
The specific objective of the research can be summarized and organized as follows:
1. To assess and document the impact of Hurricane Irma storm surge and recovery
history of the freshwater lens in BPK.
2. To improve the EM calibration approach and assess the spatiotemporal change of the
freshwater lens in response to Hurricane Irma in BPK.
3. To compare DC resistivity and EM models and assess the effect of constraining layer
parameters (resistivity and Depth)
4. To assess the spatial and temporal changes in the groundwater chemistry and estimate
a formation factor in the Southern Mangrove Lakes of ENP.
1.6. Dissertation Organization
This dissertation work is organized into four chapters in a manuscript format. At the
end of each chapter, references, tables, and figures are listed. The supplementary material
of all the chapters is also listed in the appendix at the end of the dissertation. A summarized
highlight of each chapter is presented below.
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Chapter 2 covers the geophysical imaging of the impact of Hurricane Irma storm surge
and the recovery history of the freshwater lens in BPK using electrical resistivity
tomography and well data. I compared ERT images along three profiles ranging between
220 and 280 m length collected in 2011 with post-storm data collected about three to four
months (November 2017/January 2018), eight months (May 2018), and fifteen months
(December 2018) after Hurricane Irma. The post-storm data documented that the storm
surge impacted the freshwater lens with high salinity zones in the upper 2 m of the
groundwater. The increase in salinity was most pronounced in the lower elevations of the
profiles. The ERT and well data collected 8 and 15 months after Hurricane Irma showed
the freshwater lens recovered 40 % and 70 % of the pre-storm condition, respectively. The
results suggested that both the impact of storm surge and the freshwater recovery associated
with precipitation are most pronounced in low elevation regions where both saline and
freshwater can collect at the surface. My study could be a prototype estimation for the low
coralline limestone oceanic islands.
Chapter 3 focuses on calibration electromagnetic induction (EMI) conductivities using
vertical electrical sounding (VES) measurements, followed by the temporal and spatial
variation in apparent conductivities of the subsurface formation and a comparison of low
induction approximation and full solution inversion. We conducted a simultaneous EM
survey and electrical resistivity tomography (ERT) survey four months (January 2018) and
15 months (December 2018) after Hurricane Irma in BPK, FL. During calibration, inverted
VES data were used as input in the electromagnetic forward model to estimate the
quadrature component. Then, the observed offset between the calculated and measured
quadrature data was corrected using a multiple linear regression model. This multiple linear
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regression method is a promising calibration approach, and we extended to a profile line
of 2.2 Km long. The spatial and temporal variation of apparent conductivity change
between January and December 2018 suggested the impact of the storm surge on the
freshwater lens recovery history is influenced by topography. The low induction
approximation and full solution inversion showed a consistent estimate of the interface at
approximately 3 m on average throughout the profile line. On the basis of my study, we
concluded VES at pilot locations can be used to calibrate and verify the accuracy of FDEM
measurements.
Chapter 4 focused on geophysical inversion and compared 1-D constrained and
unconstrained electrical resistivity and EM inversion methods. A floating Dipole-Dipole
electrical resistivity array and EM surveys were conducted between June to August 2019
in the mangrove lakes of ENP to develop techniques for making repeatable measurements
of the electrical conductivity (salinity) of the groundwater beneath the lakes. Chapter 4
aims to select an efficient inversion method and estimate a formation factor for the
mangrove lake regions of ENP. The resistivity data were inverted to a two and three-layers
model and compared four different inversion scenarios, namely free model, constrained
water depth, constrained water column resistivity, and constrained water depth and
resistivity model. In the free model, both the surface water resistivity and depth were
allowed to be free in the inversion. Whereas, for the constrained models, the water layer
thickness and resistivity were fixed using the measured data using a calibrated rod and a
YSI Probe. We evaluated the inverted data using RMS error, the goodness of fit, and
percent error. We concluded the constrained water depth model is an effective inversion
approach in the mangrove lakes.
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Chapter 5 investigated the spatial and temporal changes in the groundwater chemistry
in the Mangrove Lakes of ENP using electrical resistivity and EM methods. The
geophysical survey was conducted from 2016 to 2019 in the Mangrove Lakes of ENP. In
2016, in the McCormick Creek system (Seven Palm), the apparent conductivities (salinity)
during the dry season demonstrated a general increase in salinity from north to south and
reflected a decreased precipitation, southward flow, and the influence of saline water from
Florida Bay. Between 2016 to 2017, the apparent conductivities showed a considerable
decrease in both the McCormick Creek and the Alligator Creek systems (West Lake). The
apparent conductivity change suggests a freshening of the groundwater. In 2019, the
groundwater salinity decreased from west to east and from north to south and may reflect
the effects of increased flow that result from restoration efforts. In my study, I estimated a
formation factor of 10.7 with a standard deviation of 1.8 for the mangrove lake regions of
ENP. The formation factor was used to produce a regional map of groundwater salinity.
This study showed the floating electrical resistivity array and EM methods can effectively
characterize the lake bottom conductivity (salinity) and be used regularly in monitoring the
surface water and groundwater salinity.
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Figure 1.1: The geology of southeastern Florida and the Florida Keys with the
subdivision of the Miami Limestone into bryozoan facies and Oolitic facies
(Neal et al. 2008).
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2. The Effect of Hurricane Irma Storm Surge on the Freshwater Lens in Big Pine
Key, Florida using Electrical Resistivity Tomography1
Abstract
Animals and plants on low elevation oceanic islands often rely on a thin lens of fresh
groundwater and this lens is vulnerable to seawater contamination from storm surge.
Documentation of the impact of the storm surge on the freshwater lens and its subsequent
recovery is limited. In September 2017, Hurricane Irma made landfall in the Florida Keys
as a category 4 storm with storm surge heights in excess of 2 m. We used Electrical
Resistivity Tomography (ERT) to investigate the effect of the storm surge on the freshwater
lens of Big Pine Key, FL. The study compared ERT images along three profiles ranging
between 220 and 280 m length collected in 2011 with post-storm data collected about three
to four months (November 2017/January 2018), eight months (May 2018), and fifteen
months (December 2018) after Irma. The post-storm data documented that the storm surge
impacted the freshwater lens on all three profiles with low resistivity (i.e., high salinity)
zones in the upper 2 m of the groundwater. The increase in salinity was most pronounced
in the lower elevations of the profiles. The May 2018 (collected immediately after two
weeks of intense precipitation) and December 2018 data showed 40 % and 70 % recovery
of the freshwater lens, most pronounced in the lower elevation of the profiles. Both the
impact of storm surge and the freshwater recovery associated with precipitation are most

1

Portion of this chapter were published in Kiflai et al.(2019). Kiflai, M.E., Whitman, D.,
Ogurcak, D.E. et al. The Effect of Hurricane Irma Storm Surge on the Freshwater Lens in
Big Pine Key, Florida using Electrical Resistivity Tomography. Estuaries and Coasts 43,
1032–1044 (2020). https://doi.org/10.1007/s12237-019-00666-3
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pronounced in low elevation regions where both saline and freshwater can collect at the
surface. This could be a prototype example for low limestone (Type III) oceanic islands.
2.1. Introduction
Oceanic islands often contain a freshwater lens that floats on top of the higher
density seawater (Figure 2.1; Falkland and Custodio 1991). The freshwater lenses are often
the sole sources of water for the inhabitants. Because of their proximity to the ocean, these
freshwater aquifers are vulnerable to saltwater intrusion (Morgan and Werner. 2013) and
storm surge. In many parts of the world subject to impacts from tropical cyclones, storm
surge impacts can be substantial. Moreover, impacts of global climate change, including
accelerating sea-level rise (Church and White 2006) and predicted increases in the
frequency of strong hurricanes (Bender et al. 2010), will increase vulnerability to hurricane
storm surge (Chang et al. 2011; Ross et al. 2009). Storm surge, which is produced by the
force of onshore winds, can flood low-lying coastal areas with saline water (Huizer et al.
2017). The impact of the storm surge on the freshwater lens is shown schematically in
Figure 2.1. In addition, these events can exacerbate the long term effects of sea-level rise
on the freshwater lens (Halley et al. 1997). Moreover, climatic variables such as reduced
precipitation and high evapotranspiration affect the recharge rate of the freshwater lens
(Ranjan et al. 2006) that can affect the freshwater lens recovery rate.
On September 10, 2017, Hurricane Irma made landfall in the Florida Keys as a
category 4 storm. In the Florida Keys, the landfall wind speed was estimated at 59 m/s (115
kt) with a minimum pressure of 931 mb (Cangialosi et al. 2018). Storm surge heights in
the Lower Keys were in excess of 2 m (Cangialosi et al. 2018; Xian et al. 2018). The islands
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in the Lower Keys generally have a maximum elevation of 3 m making the freshwater lens
on these islands especially vulnerable to salinization from storm surge events.
Prior to Hurricane Irma, two storm surge events have impacted the Florida Keys
over the past 20 years. On September 25, 1998, Hurricane Georges made landfall at
category 2 strength and produced a storm surge of 1.5 to 1.8 m in the Lower Keys (Pasch
et al. 2001). The impact of storm surge in the Lower Keys caused salinity in the
groundwater to increase more than 15 PSU2 for several months (Lopez et al. 2003). Seven
years later, Hurricane Wilma made landfall on October 24, 2005, at category 1 with a storm
surge of 1.8 to 2.7 m on the Lower Keys (Pasch et al. 2006). The impact of the storm surge
followed by the dry season led to high mortality of pine trees in the pine forests of Big Pine
Key (BPK) and Sugarloaf Key (Ross et al. 2019).
In the Florida Keys, hurricane events frequently occur with a mean return period of 5
years (Keim et al. 2018), but our understanding of the impact of storm surge on the
freshwater lens is limited. Hence, it is of interest to evaluate and monitor how long the
freshwater lens stays salinized. On BPK, precipitation is the primary source of freshwater
recharge for the groundwater. Accordingly, a coupled effect of the decline in the amount
of precipitation and high evapotranspiration may retard the freshwater lens recovery rate.
On BPK, several federally listed animal and plant species are dependent on freshwater
availability (Ross et al. 2009). Hence, a rapid assessment of the freshwater lens is an
integral part of evaluating the impact of hurricanes on the freshwater resource necessary
for the survival of plant and animal species.

2

The salinity increase was reported in ppt (Lopez et al. 2003)
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The impact of storm surge on coastal aquifers and oceanic islands depends on the
coastal topography, the mean sea level, the dynamics of the weather system, and the
direction of the storm track (Yang et al. 2015). The recovery of the freshwater lens is a
function of the recharge rate, vadose zone thickness, hydraulic conductivity, and geological
heterogeneity of the aquifer (Holding and Allen 2015). Many studies have addressed the
impact of storm surge and recovery of freshwater on the main coastal aquifers and oceanic
islands using numerical modeling (Huizer et al. 2017; Holding and Allen 2015; Yang et al.
2015; Chui and Terry 2012). However, few studies focused on using in-situ measurements
(Terry and Falkland 2010; Van Biersel et al. 2007). Estimates of freshwater lens recovery
durations using numerical modeling range from 1 to 20 years in different hydrogeological
settings (Holding and Allen 2015; Yang et al. 2015). Studies on Pukapuka Atoll in the
Northern Cook Islands (South Pacific Ocean; Terry et al. 2010) and the Lake Pontchartrain
coastal aquifers of Louisiana, USA (Van Biersel et al. 2007), using in-situ measurements
showed recovery durations of almost one year. However, the freshwater lens may take
more than a year to recover if the surge event is followed by a dry period (Bailey et al.
2009; Chui and Terry 2012). In general, the recovery rate in oceanic islands and coastal
aquifers depends on a combination of climatic and geological factors.
According to Robins and Lawrence (2000), oceanic islands are classified into six
categories on the basis of geology, climate, freshwater lens morphology, and water balance.
Big Pine Key is part of the low coralline limestone (Type III) found in many Caribbean
and Pacific Bermuda islands. Therefore, the current research is conducted in an effort to
understand the impact and recovery rate of the low coralline limestone (Type III) oceanic
islands.
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In our study, we use Electrical Resistivity Tomography (ERT), a geophysical
technique for imaging sub-surface formations using electrical current measurements made
at the surface, to measure electrical resistivity (Binley and Kemna 2005; Huizer et al.
2017). Current is injected between two electrodes while the voltage is simultaneously
measured between two other electrodes. Then, from Ohm’s law, the apparent resistivity of
the subsurface formation can be calculated. In general, as the electrode spacing increases,
progressively greater depths are imaged. Modern multi-electrode systems allow rapid
resistivity measurements at a variety of electrode spacings and locations. These
measurements are then inverted to produce an image of the subsurface resistivity
distribution beneath a profile. The resistivity models are converted to pore fluid resistivity
by applying an electrical formation factor and finally converted to salinity models for each
time period.
Because resistivity is often dependent on formation porosity and pore fluid salinity,
ERT is a powerful tool to characterize spatial and temporal changes in aquifers (Binley and
Kemna 2005). Electrical Resistivity Tomography methods have been widely used in
monitoring the dynamics of salt water intrusion (De Franco et al. 2009; Goebel et al. 2017),
tidal disturbance (Tucker 2013; Ogurcak 2015; Huizer et al. 2017), and subsurface
contamination (Kemna et al. 2002; Simyrdanis et al. 2018; Caterina et al. 2017; Rosales et
al. 2012). Huizer et al. (2017) investigated the impact of tides and storm surges on coastal
groundwater on the Dutch Coast and simulated the salinity change in the coastal aquifer.
Other studies conducted by Kemna et al. (2002) assessed the usefulness of ERT in imaging
and characterizing solute transport in heterogeneous aquifers.
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In the current study, we investigate the effect of the Hurricane Irma storm surge on
the freshwater lens of Big Pine Key, FL, the largest island in the Lower Keys, using ERT
measurements on three profile lines that span coastal to upland habitat gradients. We
compare ERT imaging results of baseline data collected 6 years before Irma (November
2011) with data collected about 3, 4, 8, and 15 months (November 2017; January 2018;
May 2018; and December 2018) after Irma. In addition, we compared average Well data
recorded 6 years and 6 months before Irma (May 2011- April 2012; March 2017) and 2
weeks, 3, 8, and 15 months (September 2017; November 2018; May 2018 and December
2018) after Irma. Particular attention is given to the initial impact of the storm surge and
the subsequent recovery of the freshwater lens.
2.2. Geological Setting
The Florida Keys are an island chain that stretches for 240 km along the southern
end of the Florida peninsula (Figure 2.2). The Keys are divided into the Upper Keys
extending from Soldier Key to Vaca Key and the Lower Keys extending from BPK to Key
West. Big Pine Key is the largest island in the Lower Keys with an average length of about
10 km and a width of 3 km (Figure 2.2). The northern half is occupied by the Key Deer
National Wildlife Refuge and the southern part is suburban residential. Potable water for
domestic and commercial use is not obtained from the freshwater lens, but rather is
transported to the Keys via aqueduct. The freshwater lenses are the sole sources of water
for the animal and plant species in BPK. The lower Florida Keys have diverse species
communities such as pine Rocklands, hardwood hammocks, and supratidal scrub. Pine
Rocklands are found at the interior of the islands at higher elevation followed by the
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hardwood hammocks. Near the shoreline, the supratidal scrub and mangrove forest are the
dominant species communities (Ross et al. 1992).
The Lower Keys have a humid subtropical climate with a wet season from June to
October and a dry season from November to May. The mean annual precipitation is 102.2
cm. The cumulative precipitation recorded at BPK between January 2011 to December
2018, showed large precipitation events in October 2011, September 2017 and May 2018
(Figure 2.3). The variation between steep (wet season) and gentle (dry season) slopes of
the cumulative precipitation reflect these seasonal changes. The minimum and the
maximum monthly temperature are 20ᵒ C and 29ᵒ C in January and August (NOAA NCDC
2018).
The geology of the BPK consists of the Miami formation and the Key Largo
Limestone. The Miami formation (limestone) occurs in the southern part of Florida and the
southernmost Keys. This limestone was formed in the Pleistocene (Fish and Stewart 1991).
The Miami formation consists of oolitic and bryozoan facies (Neal et al. 2008 ) but in the
Lower Keys, the oolitic facies predominates. The oolite facies is composed of white to
gray, poorly to moderately consolidated sand and ooids, while the bryozoan facies consists
of fossiliferous limestone. The Key Largo Limestone occurs in the lower and upper keys.
It is composed of white to light gray, moderately to well indurated, very porous, coralline
limestone (Scott 2001). The Key Largo Limestone underlies the Miami Formation in BPK
and there is sharp contact between the two units on the southeastern part of BPK. In BPK,
the upper hydrostratigraphic unit, Miami Formation, has a hydraulic conductivity of 100140 m/day. The lower unit Key Largo Limestone has a hydraulic conductivity of 12001600 m/day (Langevin et al. 1998).
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Hanson (1980) mapped the freshwater lens boundary on BPK from the contour line
of 500 mg/L of chloride concentration observed from shallow wells of 1.5m depth. In that
study, the mapped freshwater lens boundary was considerably wider on the north and
tapered toward the south. In addition, the size of the freshwater lens varied in response to
seasonal recharge. Stewart (1988) investigated the freshwater-saltwater interface with
Electromagnetic (EM) methods and estimated its depth ranging from 4 to 8 m along the
profile lines. The author suggested the permeable Key Largo Limestone unit truncates the
low part of the freshwater lens. Similarly, Wightman (1990) delineated the lateral extent
of the freshwater lens in BPK using EM methods (Figure 2.2). The author concluded the
freshwater lens expands and contracts laterally as a result of seasonal recharge but showed
limited vertical movement. A study conducted by Tucker (2013) using ERT and
groundwater modeling suggests tidal fluctuations can affect the freshwater lens near the
shoreline, but the effect is limited inland. A study conducted in 2011 - 2012 by Ogurcak
(2015) investigated the relationship of precipitation, evapotranspiration, and changes in
groundwater salinity using ERT survey and groundwater samples. The author concluded
that change in groundwater salinity was an important variable in the classification of forest
dynamics.
2.3. Method
2.3.1. Experimental Setup
Electrical Resistivity Tomography surveys were conducted on three profile lines.
Profiles B1 and B2 cross the freshwater lens boundary defined by Wightman (1990),
whereas B3 is outside the freshwater lens (Figure 2). The ERT data were collected using a
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28 electrode, Advanced Geosciences Inc (AGI) Super Sting R1 IP resistivity imaging
system. Stainless steel electrodes were placed at 2 m spacing in a Wenner array
configuration that resulted in current electrode spacings ranging from 6 to 54 m. Electrodes
were wetted with a saltwater solution to minimize contact resistance. For such spacings,
the maximum depth of imaging is generally less than 10 m. Each 28-electrode array was
rolled along each line to produce profiles ranging in length from 222 m to 278 m.
A series of shallow (~1 m deep) monitoring wells were installed along the ERT
profiles in 2010. Depth to the water table, temperature, specific conductivity (the reciprocal
of resistivity), and salinity were measured with a YSI probe at each of these wells at
monthly intervals between May 2011 and April 2012 (Ogurcak 2015; Ogurcak and Price
2018). These wells were resampled in March 2017 (6 months before Irma), September 27,
2017 (17 days post-Irma), and during the ERT data collection in November 2017, May
2018 and December 2018. In general, the elevation of the water table at these wells varied
little both spatially and temporally, ranging between -0.2 to 0.2 m NAVD88.
The pre-Irma ERT data used as a baseline for this study were collected in November
2011 (Tucker 2013; Ogurcak 2015). Previous work documented the seasonal ERT changes
between the dry (May 2011) and wet (November 2011) seasons. The authors found that
the freshwater and saltwater interface moved downward vertically at most by 1 m.
However, no appreciable lateral expansion of the freshwater lens was observed. During
this time, a heavy non-tropical precipitation event was recorded in October 2011 (Figure
2.3), and the freshwater recharge associated with heavy precipitation is reflected in the
November 2011 measurements. Between November 2011 and September 2017, the
cumulative precipitation data show only the normal variations between wet and dry seasons
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(Figure 2.3). Most importantly, there was no storm surge event in the Florida Keys that
could potentially deposit saline water on top of the freshwater lens (Ross et al. 2019).
Hence, the ERT data collected on November 2011 is an effective baseline to compare the
pre and post-Hurricane Irma changes.
Post-storm data were collected during November 29-30, 2017 (80 days post-Irma).
As a consequence of instrument failure, the November data for profile B1 was unusable,
and data for this profile were reacquired on January 04, 2018. The ERT data were collected
again during May 29-31, 2018. During the May 2018 survey, standing water from heavy
rainfall prevented deployment on the entire B1 profile, and the ERT survey covered only
the first 194 m. The electrode positions on the profiles were precisely located relative to
the wells in November 2011, and these same electrode positions were used for the later
surveys.
2.3.2. Data Analysis
The ERT data were inverted with an open-source R2 v3.3 inversion program
(Binley 2019). Inversion of ERT data is nonunique such that an infinite number of models
can fit the data with a certain level of uncertainty. The inverse solution in R2 is obtained
by minimizing an objective function that combines a weighted least square and an Occamtype, regularized optimization (Constable et al. 1984). The Occam inversion solution fits
the measurement with the smoothest possible model, and therefore, the inverted models
generally do not show sharp changes.
The models were parameterized on a regular quadrilateral mesh with a horizontal
node spacing of 0.50 m and a variable vertical node spacing of 0.2 m near the surface,
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which increased by a factor of 1.1 to a maximum depth of 9.3 m. Patches of two adjacent
horizontal nodes were lumped together that reduced the effective horizontal resolution to
1 m. Additional model nodes were included at the edges and beneath the model to avoid
edge effects in the forward calculations. The modeling software R2 allows the inclusion of
surface topography that was extracted from 1 m2 spatial resolution LiDAR data along each
profile. The 2011 data were inverted using a uniform starting model of 100 -m, but for
the Nov 2017/Jan 2018 data and the May and December 2018 data the ERT data were
inverted using a difference inversion algorithm that inverts the difference between the
before and after observations and utilizes the previous inversion results as a starting model
(LaBrecque and Yang 2001; Tucker 2013). The difference inversion reduces noise from
the inversion procedure and converges fast.
Depth of investigation (DOI) analysis was performed to quantify the depth below
which the physical properties are not constrained by the data (Oldenburg and Li 1999). The
DOI compares the inversion results calculated relative to different reference models and
calculates an index from their normalized difference. The DOI index ranges between 0
and 1, where 0 indicates the model is well constrained by the data, and 1 indicates a poorly
constrained model. Oldenburg and Li (1999) recommended a threshold DOI index of 0.1
or 0.2. In the current study, 50 and 10 Ω-m reference models were used to calculate the
DOI index.
In nonconductive rocks, the bulk electrical resistivity is largely the result of
electrolytic conduction in the pore fluids and depends on several parameters such as
porosity, the degree of saturation, cementation, and pore fluid resistivity. Archie (1942)
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proposed a relationship between the pore fluid resistivity, ρ𝑤 , and the bulk resistivity of
the fluid-saturated formation, 𝜌𝑏 ,
ρ𝑏 = 𝐹ρ𝑤

(2.1)

where F is the formation factor. By assuming a formation factor, these measurements can
be used to infer the electrical resistivity of the pore fluids. Tucker (2013) estimated a
formation factor of 9.5 for BPK, using regression of the pore water resistivity collected in
the shallow wells along the profiles and the bulk resistivity at coincident locations and
depths on the ERT profiles. However, the estimated formation factor may only be
appropriate for the upper 5 m of the section corresponding to the Miami formation and may
not be appropriate to the underlying Key Largo Limestone. The estimated formation factor
may limit the applicability of the results in the deeper parts of the section. Finally, the pore
water resistivity was converted to salinity using the empirical equations given by (Wagner
et al. 2006).
2.4. Results
2.4.1. Well Data
Profile B1 extended eastward from the western shoreline of the island. On profile
B1, the salinity decreased from around 6 PSU in the most nearshore well to 1-2 PSU farther
inland at all sampling dates (Figure 2.4a). The pre and post-Irma salinities were similar at
all three wells, with the exception of the average 2011 and 2012 measurement at 36 m that
was 1 PSU higher than the other measurements. The only post-storm increases in salinity
were seen at the 105 m well (< 0.5 PSU increase).
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Profile B2 was located in the interior of the island. Pre storm (average of 2011 and
2012) salinities were low (< 2.5 PSU) at all three wells along the profile (Figure 2.4b).
Post-storm, the salinity in the well at 22 m along the profile did not change, but in the wells
at 190 m and 278 m, the salinity increased by 6.5 and 22.5 PSU, respectively. These
increases were observed at wells situated on low elevation positions of the profile (Figure
2.4b). In general, the salinity in the 190 m and 278 m wells decreased at the later sampling
dates. For example, at the well located at 278 m, the salinity decreased from September
2017 to November 2017 by 16 PSU and from November 2017 to May 2018 by 4 PSU.
Furthermore, the salinity decreased from May to December 2018 by 2.9 and 0.6 PSU.
Profile B3 extends southward from a low elevation supratidal zone into the higher
elevation Pine Rockland. In general, the salinity decreased from north to south on all
sampling dates, decreasing from 15-20 PSU in the north to 3 PSU in the south (Figure
2.4c). Post-storm (September 27, 2017), salinities in the wells situated at low elevation
locations on the profile (18 and 62 m) increased by 1 and 2 PSU respectively. The wells
located at 104 and 134 m exhibited eight PSU post storms increase. By May 2018, the
salinity in these two wells decreased two PSU and continued to decrease by 3.4 and 2.4
PSU by December 2018. Salinities in the most distal well on the profile (192 m, Figure
2.4c) exhibited no change pre and post-storm surge.
2.4.2. ERT Profiles
Inversion results of the ERT profiles are presented in Figure 2.5 – 2.10. In general,
a resistivity greater than 200 Ω⋅m corresponds to the unsaturated zone, between 200 and
50 Ω⋅m corresponds to freshwater saturated rock, between 50 and 15 Ω⋅m to poor -
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intermediate quality freshwater, between 15 and 4.5 Ω⋅m to brackish water, and less than
4.5 Ω⋅m to saline groundwater (Zohdy et al. 1993; Nowroozi et al. 1999). To assist
interpretation of the profiles, contours of 3 PSU and 10 PSU are used to illustrate the
approximate boundaries of the fresh, brackish, and saline groundwater. The DOI index
contour at 0.2 is shown as a dashed line to limit over interpretation of the deeper parts of
the inverted profiles (Figure 2.5-2.10). Regions of the model below the DOI contour are
not well constrained by the data.
I.

ERT Profile B1
ERT profile B1 is situated near the western shoreline of the island and crosses the

lateral boundary of the freshwater lens defined by Wightman (1990; Figure 2.2). In
November 2011, the ERT image showed a gradual change of resistivity (and salinity) with
a depth that represents the freshwater lens, brackish transition zone, and saltwater (Figure
2.5b). The freshwater lens is characterized by wedge-shaped region corresponding to
resistivity values ranging from 30 to 170 Ω⋅m that thickens from ~2 m at 35 m on the
profile to 5 m at the end of the profile. Below this zone, the resistivity gradually decreases
to values of 4 Ω⋅m.
The January 2018 data show that in portions of the upper 2 m of the profile, the
resistivity decreased to less than 10 Ω⋅m (Figure 2.5c). This decrease is most pronounced
east of 135 m in the lower elevation section of the profile. In the center of the profile, the
base of the freshwater lens, as indicated by the 3 PSU salinity contour, appears to be
depressed downward by around 3 m (Figure 2.5c). In May 2018, the resistivity increased
to greater than 10 Ω⋅m in the top 2 m of the section (Figure 2.5d). These increases were
most pronounced between 35 - 85 and 135 - 190 m. In December 2018, in the top 2 m,
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between 35 m to 222 m, the resistivity increased on average to 26 Ω⋅m in the top 2m (Figure
2.5e). The base of the freshwater lens indicated by the 3 PSU contour remained similar to
that observed for the January 2018 data (Figure 2.5c).
The B1 ERT data indicate a general increase in salinity in the upper 2 m of the
section between November 2011 and January 2018 (Figure 2.6b). In lower elevations of
the profile, between 0 to 25 m and at distances greater than 130 m on the profile, the salinity
increased by 2 to 10 PSU. The increase was largest east of 190 m. In the higher elevation
section, between 25 and 130 m, the salinity increase was smaller, increasing at most by 4
PSU. Below 2 m depth, there was a minimal variation over time. Between January 2018
and May 2018, salinity in the upper 2 m of the section decreased by up to 4 PSU (Figure
2.6c). These decreases were greatest at distances less than 80 m and greater than 130 m.
Small increases in salinity relative to November 2017 were observed at depths greater than
2 m. Between December 2018 (post-storm) to November 2011 (pre-storm), the salinity in
the upper 2 m of the section increased by up to 4 PSU (Figure 2.6d). These changes were
increased gradually from West to East of the Profile line.
II.

ERT Profile B2
ERT profile B2 is situated in the center of the island and crosses the eastern lateral

boundary of the previously mapped freshwater lens by Wightman (1990; Figure 2.2). In
November 2011, a high resistivity zone with values ranging from 30 and 500 Ω⋅m
corresponding to the unsaturated zone and the freshwater lens was relatively constant in
thickness and extended to 6 m depth (Figure 2.7b). Minor variations within this zone likely
correspond to variations in the rock and not the pore fluids. Below 6 m depth, throughout
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the profile, resistivities decrease reaching values as low as 4 Ω⋅m. However, these depths
lie below the DOI 0.2 contour and are not well constrained.
In November 2017, the resistivity values in the upper 1 m of the profile decreased
to less than 15 Ω⋅m, indicating the emplacement of saline or brackish water near the surface
(Figure 2.7c). This salinity inversion was most pronounced on the lower elevation portions
of the profile between 170 m and 278 m where the resistivity decreased in places to less
than 1 Ω⋅m. By May 2018, resistivities in this near-surface layer had increased slightly
(Figure 2.7d). As with the resistivity decrease observed in November 2017, this increase
in resistivity occurred in the lower elevation sections of the profile between 170 m to 278
m. By December 2018, in the upper 2 m depth, the resistivity increased on average to 31
Ω⋅m between 0 m to 180 m, whereas between 180 m and 278, the resistivity at most places
is less than 15 Ω⋅m (Figure 2.7e).
The change in salinity observed between November 2011 and November 2017 in
the upper 1 m of profile B2 is similar to that observed for profile B1. A significant increase
was observed between the 170 m and 278 m, where the salinity increased from 3 to 10 PSU
(Figure 2.8b). Below 2 m depth, the change in the salinity was minimal, whereas below 5
m depth, from 0 to 55 m and 125 to 278 m, the salinity increased by 3 - 10 PSU. Six months
later (May 2018) the salinity decreased by up to 6 PSU in the upper 1 m of the section
(Figure 2.8c). Between December 2018 to November 2011, the change in the salinity
increased by up to 2 PSU, in the upper 2m depth from 0 to 110 m, whereas, in the lower
elevation region, from 110m to 250m, the change in the salinity was minimal. Below 2 m
depth, the change in salinity was not significant (Figure 2.8d).
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III.

ERT Profile B3
ERT profile B3 extends southward from a mangrove scrubland and is situated

outside the freshwater lens defined by Wightman (1990; Figure 2.1). The resistivity on this
profile was the lowest of all the three transects and increased from north to south along the
profile reflecting an inland salinity decrease in the groundwater. In November 2011, low
resistivity ranging from 2 to 5 Ω⋅m was situated in the upper 2 m of the section between 0
and 90 m (Figure 2.9b). A wedge shaped brackish lens consisting of resistivity between 5
and 20 Ω⋅m and defined by the 10 PSU salinity contour extended southward from 40 m on
the profile. The resistivity was highest in a 2.5 m thick zone that extended southward from
90 m on the profile. The resistivity in this zone ranged from 20 to 37 Ω⋅m, which
corresponds to the freshwater lens defined by the 3 PSU contour. Below 5 m depth, the
resistivity was in general less than 3 Ω⋅m.
The resistivity change from November 2011 (pre-storm) to November 2017 (poststorm) was mainly restricted to the upper 2.5 m of the profile. Both the near-surface low
resistivity zone and the seaward point of the brackish lens represented by the 10 PSU
contour moved inland to the south by approximately 20 m. At the same depth, between 160
to 250 m, the freshwater lens represented by the 3 PSU contour decreased substantially,
leaving only minimal freshwater pockets (Figure 2.9c). By May 2018, the near-surface low
resistivity zone retreated northward by about 3 m (Figure 2.9d). The general size of the
brackish lens remained the same but the freshwater pockets increased slightly in size. By
December 2018, there was no significant change observed along the profile line (Figure
2.9e).
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Similar to B1 and B2 ERT profiles, the change of salinity observed in B3 between
November 2011 and 2017 is more pronounced on the top 2 m depth (Figure 2.10 b). In the
top 2 m depth, throughout the profile, the salinity change increased by up to 4 PSU.
Between 90 to 105 m, the salinity change increased in the range of 4 to 10 PSU. Below 2
m depth, throughout the profile, the salinity increased between 0 and 2 PSU. From
November 2017 to May 2018, in the top 2 m, throughout the profile, the salinity change
decreased by up to 6 PSU. Below 2 m depth, the salinity change was minimal and increased
by up to 2 PSU (Figure 2.10c). Between December 2018 to November 2011, in the upper
2 m depth, the salinity change increased by up 3 PSU. Below 2 m depth, the change in the
salinity observed was minimal (Figure 2.10d).
2.5. Discussion
2.5.1. The Impact of the storm surge on the freshwater lens
The well and ERT data collected about three to four months (November
2017/January 2018) after the storm showed the deposition of saline water on top of the
freshwater lens. The post-Irma resistivity data indicate low resistivity/high salinity zones
in the upper 2 m depth corresponding to saline water emplaced on top of the freshwater
lens by the storm surge. This deposition of saline water on top of the freshwater lens
defined by the 3 PSU contour line is observed in the lower elevation sections of the profiles.
This low resistivity/ high salinity is clearly visible east of 130 m of profile B1 (Figure 2.5c),
throughout profile B2 (Figure 2.7c), and between 160 to 250 m in B3 (Figure 2.9c).
Therefore, these results demonstrate that the impact on the freshwater lens is influenced by
topography.
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Hurricane Irma approached the Florida Keys from the south and made landfall on
Cudjoe Key, 15 km to the west of BPK (Cangialosi et al. 2018; Figure 2.2). The storm
placed BPK in the strong right-front quadrant of the hurricane with southeasterly winds at
landfall. These southeasterly winds produced maximum storm surge heights of up to 2.4 m
NAVD88 on the south and eastern shores of the island (USGS 2017; Cangialosi et al.
2018). This pattern is reflected by both the ERT and well measurements. The Well data
collected on September 27, 2017, showed an abrupt increase in salinity at most wells along
profile B2 in the center and profile B3 on the southern side of the island (Figure 2.4b and
2.4c), whereas little change was observed along profile B1 on the western side of the island
(Figure 2.4a). On ERT profile B1, the greatest increase in salinity occurred in low lying
portions on the eastern end of the profile (Figure 2.6a and 2.6b), whereas on profiles B2
and B3 the salinity increase occurred throughout each profile (Figure 2.8b and 2.10b). This
suggests that the highest storm surge flooded the island from the east, confirmed by
independent observations. Our field observations of debris indicate that the impact of the
storm surge was less along the western margin of the island (Ross et al. 2019) and damage
to buildings on the island was greatest on the eastern side (Xian et al. 2018). Therefore,
these results suggest that the impact on the freshwater lens was more pronounced on the
eastern side of the island.
The impact of the storm surge on the freshwater lens is most pronounced at lower
elevations. In the upper 2 m, the salinity increased significantly between 4 and 10 PSU on
the western and eastern ends of profile B1 (Figure 2.6b), east of 130 m on profile B2
(Figure 2.8b), and between 0 to 110 m on profile B3 (Figure 2.10b). This pattern suggests
that the topography of oceanic islands plays a crucial role in the fate of storm surge.
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Depending on the topography of the oceanic islands, storm surge flooding either infiltrates
into the ground or runs off as overland flow that either flows to the coast or settles in the
depressions. Through time, the accumulated saline water in the depressions either
evaporates or infiltrates to the ground, where the infiltrated portion leads to significant
saltwater deposition in the lower topography.
The ERT results throughout profile B1 (Figure 2.5c) and in the lower elevation of
profile B2 (Figure 2.7c) showed the base of the freshwater lens, as indicated by the 3 PSU
contour, depressed downward after the storm surge. The freshwater lens is approximately
5 m thick and increases inland along profiles B1 and B2 (Figure 2.5 and 2.7). After Irma,
the higher density saline water emplaced by the storm surge depressed the freshwater lens
along these profiles. This higher density saline water on top of less dense freshwater has
an unstable configuration and tends to penetrate through the freshwater lens. In
combination with freshwater recharge, this stratification may be overturned (Villholth et
al. 2008; Terry and Falkland 2010).
Prior to Irma, profile B3 had only a 2.5 m thick freshwater lens south of 160 m
(Figure 2.9b). The storm surge from Irma largely destroyed this freshwater lens leaving
only minimal freshwater pockets (Figure 2.9c). This is in contrast to profiles B1 and B2
that had pre-storm lenses approximately 5 m thick that were overridden and depressed by
saline water but not destroyed. This suggests that thin freshwater lenses are susceptible to
being completely destroyed by a storm surge.
The storm surge deposition of saline water above the freshwater lens has a tremendous
effect on the ecological structure (Ogurcak 2015). The accumulated saline water infiltrating
through the unsaturated zone and into the saturated zone results in increased mortality of
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the freshwater dependent species (Ross et al. 2019). For example, in the pine forests, a
fresh water-dependent species in BPK showed a significant reduction in the lower elevation
areas and persisted only in the higher elevation sites (Ross et al. 2019). This phenomenon
has a cascading effect on the overall ecosystem dynamics. The impact of the storm surge
inundation on the ecosystem can be more severe, especially when multiple storm surge
events impacted the same site repeatedly (Anderson and Lauer 2008).
2.5.2. The Recovery history of the freshwater lens
The well and ERT data collected eight months (May 2018) and fifteen months
(December 2018) after the storm showed limited recovery of the lens despite intense
precipitation. The cumulative precipitation recorded at BPK showed large precipitation
events in September 2017 and May 2018 (Figure 2.3). During the Irma event in September
2017, over 36 cm of precipitation was recorded. Since this occurred coincident with the
storm surge event, its input likely contributed little to the recovery of the lens. During a
two week period of intense precipitation in May 2018, over 42 cm of precipitation was
recorded. This heavy rainfall occurred during the sub-tropical storm Alberto (25- 31 May
2018; Berg 2018). The May 2018 event occurred at the end of the climatological dry season
and less than 20 cm of precipitation occurred between these two events. Between June to
December 2018, the cumulative precipitation recorded was 65 cm and contributed to the
recovery of the lens. A single large precipitation event can have a large impact on the
recharge of small islands (Ogurcak and Price. 2018). As a result of this, the salinity in the
wells and ERT data collected eight and fifteen months after the storm revealed 40 % and
70 % recovery. The Well data along profiles B2 and B3 clearly showed the decrease of
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salinity by May and December 2018. These decrements in salinity suggest recovery of the
freshwater lens due to precipitation.
Similar to the post-storm impact, the freshwater lens recovery is more pronounced
at the lower elevations. In May 2018, the ERT image along profile B1 showed some
recovery along the lower elevations and was most pronounced east of 130 m, where the
salinity decreased to less than 3 PSU (Figure 2.5d). The resistivity along profile B2 showed
some recovery along the lower elevation sections, where the salinity greater than 10 PSU
is less apparent (Figure 2.7d). Furthermore, along profile B3, the thin freshwater lens that
largely disappeared after Irma started to recover south of 180 m (Figure 2.9d). The salinity
change after Irma, between May and January 2018 along profile B1 and between May 2018
and November 2017 along profile B2 and B3, showed a decrease of salinity in the top 2 m.
These decreases in salinity are pronounced more in the lower elevations, east of 130 m on
profile B1 (Figure 2.6c), east of 180 m on profile B2 (Figure 2.8c), and north of 110 m on
profile B3 (Figure 2.10c). In December 2018, the ERT image along Profile B1 displayed
recovery east of 220 m (Figure 2.5e). The resistivity along profile B2 increased to greater
than 10 Ω⋅m in several locations. This is demonstrated throughout the profile line by
decrease in the number of rounded shapes, greater than 3 PSU (Figure 2.7e). This suggests
that the freshwater recovery due to precipitation is most pronounced in low elevation
regions.
In a study conducted in the Pukapuka Atoll in the Northern Cook Islands, the
freshwater lens required 11 months to recover after a tropical cyclone. However, a saltwater
plume remained at depth for 26 months (Terry et al. 2010). Similarly, in Lake Pontchartrain
in southeastern Louisiana after Hurricanes Katrina and Rita, the chloride concentration in
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the wells required 10 months to recover (Van Biersel et al. 2007). In the lower Keys, after
Hurricane Georges, the salinity increased more than 15 PSU and did not improve for
several months after the storm (Lopez et al. 2003). Our results indicate that eight and fifteen
months after the storm, the salinity is on average 5 PSU (60%) and 2 PSU (30%) higher
than the pre-storm conditions. Precipitation received during the 2019 wet season (MayNovember) likely contributed to continued recovery of the lens.
2.6. Conclusions
In this study, we investigated the effect of the Hurricane Irma storm surge on the
freshwater lens of Big Pine Key, FL using Electrical Resistivity Tomography (ERT) on
three profiles of 222 m, 250 m, and 278 m length. We compared ERT imaging results of
baseline data collected 6 years before Irma (November 2011) with data collected about
three to four months (November 2017/January 2018) and eight months (May 2018) and
fifteen months (December 2018) after the storm. For the November 2017/January 2018
data, all profiles showed low resistivity/high salinity zones in the upper 2 m, suggested the
deposition of the saline water on the top of the freshwater lens. This increase in salinity is
most pronounced in the low elevation portions of the profiles. Hurricane Irma made
landfall on the southern direction of BPK and the impact of the storm surge is more
pronounced on the low-lying eastern side of the island.
The May 2018 data were collected at the end of the climatological dry season, but
were collected immediately after 2 weeks of intense precipitation. This freshwater recharge
showed some limited recovery of the freshwater lens. This recovery is most pronounced in
the lower elevation portions of the profiles, where standing water was observed during data
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collection. Similarly, in December 2018, the freshwater recovered due to the precipitation
received during the wet season (May-November) of 2018. Yet, the freshwater lens is not
recovered fully. This suggests that both the impact of storm surge and the freshwater
recovery due to precipitation are most pronounced in low elevation regions where both
saline and freshwater can collect at the surface.
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Figure 2.1: Conceptual model of the effect of storm surge inundation on
oceanic islands and coastlines. (a) Pre disturbance condition. (b) Post
disturbance condition showing the impact of the storm surge on the
freshwater lens, where saline water is deposited on the top of the freshwater
lens, and forest communities are impacted. (c) Recovery, where the
freshwater salinity adjusted to pre-disturbance conditions and forest
communities are restored (after Saha et al. 2011).
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Figure 2.2: Location of the study area. Locations on BPK showing the Hurricane
Irma track, the ERT profiles, and elevation (LIDAR data of 1 m2 resolution) in m.
The contour line defines the freshwater lens boundary mapped by Wightman,
(1990).
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Figure 2.3: Cumulative precipitation at the National Key Deer Refuge, Big
Pine Key, FL, US station (TS607) from Jan 1, 2011 to Dec 31, 2018. The
cumulative rainfall data is from https://mesowest.utah.edu (Horel et al.
2002). The blue ellipses indicate large non-tropical (Oct 2011) and subtropical (May 2018) precipitation events and the red ellipse corresponds to
precipitation from Hurricane Irma.
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Figure 2.4:Salinity recorded in the monitoring wells adjacent to the ERT
profiles. a) Profile B1; b) Profile B2; c) Profile B3. Horizontal locations
are relative to the start of each ERT profile (Figure 2.2).
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Figure 2.5: ERT resistivity models on profile B1. a. Topography. The gold
and blue lines indicate the unsaturated and saturated zone in the wells; b.
November 2011; c. January 2018; d. May 2018; e. December 2018. The
black and red contour line represents a salinity of 3 and 10 PSU. The 0.2
DOI index is shown as a dashed line. The location of the profiles is shown
in Figure 2.2. Elevations are relative to NAVD88.
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Figure 2.6: Salinity change on profile B1. a. Topography. The gold and blue
lines indicate the unsaturated and saturated zone in the wells. Salinity change
difference (b) between January 2018 and November 2011; (c). between May
2018 and January 2018 and (d) between December 2018 and November 2011.
The 0.2 DOI index is shown as a dashed line. Elevations are relative to
NAVD88.
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Figure 2.7: ERT resistivity models on profile B2. a. Topography. The gold
and blue lines indicate the unsaturated and saturated zone in the wells; b.
November 2011; c. November 2017; d. May 2018; e. December 2018. The
black and red contour line represents a salinity of 3 and 10 PSU. The 0.2
DOI index is shown as a dashed line. Elevations are relative to NAVD88.
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Figure 2.8: Salinity change on profile B2. a. Topography. The gold and
blue lines indicate the unsaturated and saturated zone in the wells.
Salinity change difference (b) between November 2017 and November
2011; (c). between May 2018 and November 2017 and (d). between
December 2018 and November 2011. The 0.2 DOI index is shown as a
dashed line. The black and red contour line represents a salinity of 3 and
10 PSU. Elevations are relative to NAVD88.
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Figure 2.9: ERT resistivity models on profile B3. a. Topography. The gold
and blue lines indicate the unsaturated and saturated zone in the wells; b.
November 2011; c. November 2017; d. May 2018; e. December 2018. The
black and red contour line represents a salinity of 3 and 10 PSU. The 0.2
DOI index is shown as a dashed line. The location of the profiles is shown
in Figure 2.2. Elevations are relative to NAVD88.
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Figure 2.10: Salinity change on profile B3. a. Topography. The gold and
blue lines indicate the unsaturated and saturated zone in the wells. Salinity
change difference (b) between November 2017 and November 2011; (c).
between May 2018 and November 2017 and (d) between December 2018
and November 2011. The 0.2 DOI index is shown as a dashed line. The
location of the profiles is shown in Figure 2.2. Elevations are relative to
NAVD88.
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3. Geophysical Mapping of Freshwater Lens in Big Pine Key, Florida:
Electromagnetic Induction Calibration and Application
Abstract
Electrical resistivity and electromagnetic methods are rapid and noninvasive
geophysical techniques for measuring groundwater properties and characterizing the
spatial and temporal variability of subsurface formations. However, to quantitatively
interpret the EM data, the systematic error due to calibration problems and random error
must be accounted for consideration. We conducted coincident EM and electrical
resistivity tomography surveys in January and December 2018 on Big Pine Key, FL. In
this study, we used vertical electrical sounding data extracted from an ERT measurement
to calibrate the EM data. The inverted VES were used as input in the electromagnetic
forward model to estimate the quadrature response component. Then, the observed offset
between the calculated and observed quadrature data was corrected using a multiple linear
regression model. Finally, the calibrated quadrature data were converted to apparent
electrical conductivity and used to assess the temporal and spatial variation and inverted as
a 2-layer model using the full solution and the low induction approximation.
The EM data showed that the observed quadrature value was underestimated compared
to the calculated value in all frequencies. Hence, we derived a multiple linear regression
model and gave a good agreement between the calculated and calibrated quadrature data.
The predictive power of the multiple linear regression assessed using the Nash-Sutcliffe
efficiency and the R2 value 0.93 indicates the accuracy of the model. We used the multiple
linear equations and calibrate the EM dataset that extended to 2.2 Km profile line. The
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apparent electrical conductivity change, between January to December 2018, decreased in
the lower elevation of the profile line and suggested the freshwater lens recovery due to
precipitation. Besides, the 2-layer inverted data using the full solution and low induction
approximation gives a reasonable fit, and the depth of the freshwater interface increased
by December 2018 and suggests the recovery of the freshwater lens. Based on this study,
we concluded the VES at pilot locations can be used for calibration purposes and
verification of the accuracy of EM measurements.
3.1. Introduction
The frequency-domain electromagnetic (FDEM) method is a non-invasive geophysical
technique that provides continuous spatial information about the subsurface. The FDEM
method can provide an effective mechanism to map the salinity of the subsurface formation
by measuring the electrical conductivity. The FDEM method has been widely used in
groundwater (Fitterman and Deszcz-Pan 1998), agriculture (Minsley et al. 2012), mineral
exploration (Farquharson et al. 2013), archaeological prospecting (Bongiovanni et al.
2008) and contaminant studies (Al-Fouaan et al. 2004). FDEM allows a rapid survey
(Moghadas and Vrugt 2019), and it is comparatively inexpensive compared to other
geophysical methods (Murray et al. 2005). FDEM methods are portable and do not require
contact with the ground, which makes the electromagnetic (EM) survey efficient to use. It
is possible to record detailed information even in areas where accessibility is a major
concern.
The FDEM has a major disadvantage because measurements recorded in different
conditions and time may show a static shift. Lavoué et al. (2010) performed three repeated
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measurements using EMP 400 at 15 KHz on the same site after a 15-minute interval and
showed an offset on the apparent electrical conductivity measurements. Thus, EM methods
have a limitation in obtaining absolute electrical conductivity values due to calibration
problems (Lavoué et al. 2010). For EM instruments, factory calibration is performed,
which is valid for the device defined set up and settings (Tan et al. 2019). For example, the
Profiler EMP 400 instrument is calibrated at the GSSI factory by suspending it well above
the ground and zeroing the field values. In addition, before data acquisition, field
calibration is performed on-site. This field calibration procedure removes any
electromagnetic effects of the operator and other equipment in the surrounding area.
However, once the measurement set up implemented in different conditions, the calibration
is not sufficient anymore (Tan et al. 2019). Hence, calibration of the EM data is required
to obtain absolute electrical conductivity values that can relate to the physical properties of
the earth.
Electrical resistivity can produce a high-resolution image of the shallow subsurface
formation and has been widely used in hydrogeology and environmental studies (Froese et
al. 2002). This method has an advantage because resistivity measurements are repeatable
(Spragg et al. 2017) and the non-uniqueness of the resistivity method is less and when
compared with EM methods. The limitation of electrical resistivity is the number of
manpower required to perform the fieldwork and survey time. Hence, an integrated
approach of electrical resistivity and EM methods can produce the best result (Lavoué et
al. 2010).
Different studies have proposed various approaches to overcome data and
calibration errors of EM instruments (Deszcz-Pan et al. 1998; Fitterman and Deszcz-Pan
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1998; Abraham et al. 2006; Brodie and Sambridge 2006; Lavoué et al. 2010; Minsley
2012). Deszcz-Pan et al. (1998) calibrated helicopter electromagnetic data based on
resistivity-depth information obtained from time-domain sounding and borehole
measurements and determined a correction factor before the inversion. Deszcz-Pan et al.
1998 applied amplitude and phase adjustment to find a zero-primary reference level
between the receiver (Rx) and transmitter (Tx). A ferrite rod placed parallel to the plane of
the coil produces a minor response and changing the orientation of the ferrite rod
perpendicular to the plane of the coil produces a negative inphase signal. Besides, a
conductor of known dimension, inductance, and a number of turns placed between Rx-Tx
produces a specified amplitude deflection on the inphase and quadrature components.
Therefore, a phase and gain correction factors are required for adjustment. Another EM
calibration study conducted by (Lavoué et al. 2010) implemented a linear regression
calibration approach using an electrical conductivity value derived from the electrical
resistivity tomography (ERT) model and EM measurements. The authors used the
electrical conductivity from the ERT model as input in the electromagnetic forward model
that predicts the apparent electrical conductivity measured with EM instrument. Minsley
(2012) combined the approach of Deszcz-Pan et al. (1998) and Lavoué et al. (2010) to
account for the systematic error in ground applied a calibration procedure by making the
FDEM data consistent with the forward response of dc resistivity model in a least-square
sense.
This study utilizes coincident EM and ERT surveys on Big Pine Key, FL, to provide
calibration and correction to EM survey data. We adopt a similar EM calibration procedure
used by Lavoué et al. (2010) and Minsley et al. (2012) and apply a multiple linear

64

regression model between the observed and calculated models. The inverted vertical
electrical sounding (VES) data are used as input to the electromagnetic forward model to
estimate the calculated quadrature response. The calculated quadrature from the VES and
measured EM data showed a linear correlation, but the measured EM data showed an offset
from the calculated quadrature response. This observed offset between the calculated and
measured quadrature data is corrected using a multiple linear regression model. Then the
general equation obtained was applied to calibrate the EM data of 2.2 Km throughout the
profile line. After that, the calibrated quadrature data were converted to apparent electrical
conductivity and used to assess the temporal and spatial variation. Finally, the calibrated
quadrature data inverted as a 2-layer model using the full solution and the low induction
approximation.
This paper aims to improve the previous EM calibration approaches using VES data
and investigates the effect of the Hurricane Irma storm surge3 and recovery history on the
freshwater lens along West to East of the profile line of 2.2 Km length. The first section of
the paper focuses on the calibration of the EM data using VES measurements and followed
by the temporal and spatial variation in conductivity of the subsurface formation with data
collected four months (January 2018) and 15 months (December 2018) after Hurricane
Irma. Finally, a comparison between the full inversion solution and LIN approximation is
presented.

3

The details of Hurricane Irma are mentioned in Chapter Two in detail.
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3.2. Previous Geophysical Surveys
On Big Pine Key, the freshwater lens boundary was mapped based on the contour line
of 500 mg/L of chloride concentration from shallow observation wells of 1.5 m depth
below the water table (Hanson 1980). In the study, the freshwater lens boundary was
considerably wider on the north and tapered toward the south. The author mapped the
lateral expansion and contraction of the freshwater lens in response to seasonal recharge.
Stewart (1988) conducted an EM survey using Geonics EM-34 and estimated the thickness
of the freshwater lens ranging from 4 to 8 m along the profile line. The author developed a
3-layer modeling approach using the low induction approximation and assumed the water
table is close to the surface, and the unsaturated and freshwater saturated zones have low
bulk conductivities. The author suggested the thickness of the freshwater lens can be
obtained as a three-layer solution, where the 1st layer represents the unsaturated zone, and
its thickness is assumed to be the elevation of the land above the sea level. The 2nd layer
represents the freshwater saturated, and the 3rd layer represents the saltwater saturated of
an infinite thickness. Furthermore, this three-layer solution can be reduced to a two-layer
solution if the elevation is minimal. The author also suggests the depth of the interface was
sensitive to the conductivity of the saltwater used.
Wightman (2010) suggested a 2-layer model is valid in BPK as the conductivities of
the first two layers are very similar. The author also suggested EM methods may
underestimate the depth of the saltwater interface if a substantial intermediate brackish
layer is present. Wightman (1990) delineated the thickness of the freshwater lens and
concluded that freshwater lens geometry was dynamic with seasonal variation in
precipitation during the dry and wet season in 1987. A similar seasonal variation study
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between the dry and wet season in 2009/2010 was not significant due to irregular rainfall
patterns before and after the survey periods. The author concluded the highly transmissive
Key Largo Limestone controls the depth of the lens.
3.3. Data and Methods of Analysis
3.3.1. Data Collection
A series of EM surveys were conducted using a GSSI Profiler EMP-400 multifrequency EM conductivity meter integrated with a GPS receiver on Big Pine Key. The
EM survey covers 2.2 Km and extended from West to East on the island (Figure 3.1). The
instrument was calibrated at the GSSI factory by suspending it well above the ground and
zeroing the field values. Before the data acquisition, a field calibration was performed onsite. This field calibration procedure removes any electromagnetic effects of the operator
and other equipment in the surrounding area.
The Profiler has a fixed coil spacing of 1.219 m and simultaneously records data at
three frequencies in the range of 1 to 16 KHz. In frequency domain EM methods, the data
of interest is in the in‐phase (real) and out‐of‐phase (imaginary) components. During the
survey, the EM instrument was suspended with the low carry handle 0.10 m above the
ground. The EM data were recorded in Vertical and Horizontal dipole orientations using
frequencies of 2, 6, and 15 KHz at a 0.2-second interval in January 2018 and 2, 8, and 15
KHz at a 0.5-second interval in May and December 2018. The Vertical dipole has a deeper
depth of investigation and used in the analysis. The January 2018 data were collected at a
higher sampling rate (0.2 seconds) and then subsampled to 0.5-second. In the analysis, the
EM samples that correspond spatially with December 2018 data were used. In January
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2018, at 2 KHz frequency, all the recorded inphase values were negative, and at 6 KHz
frequency, a few measurements were negative. As a result of this, during data collection,
different frequencies were used in May and December 2018 survey. In addition, only the
quadrature components were used in the analysis to infer the electrical conductivity of the
subsurface. The EM data collected in May 2018 is not used in this study due to poor data
quality. Besides, noisy data 250 m long at the center of the profile associated with the
power cables interference were removed.
A coincident ERT survey of 220 m long was conducted along the EM transect on the
western shoreline of the island in January, May, and December 2018 (Kiflai et al. 2019;
Chapter 2). The ERT surveys were collected with an AGI Super Sting R1/IP meter using a
2 m electrode spacing in a roll along Wenner Array configuration. In the roll along survey,
the electrodes disconnected in the middle after each measurements and reconnected back
in the front. In November 2011, the ERT image showed a gradual change of resistivity (and
salinity) with a depth that represents the freshwater lens, brackish transition zone, and
saltwater (Figure 3.2b). After Hurricane Irma, the ERT image indicated low resistivity/high
salinity zones in the upper 2 m depth corresponding to saline water emplaced on top of the
freshwater lens by the storm surge (Figure 3.2c-e). This deposition of saline water on top
of the freshwater lens defined by the 3 PSU contour line is observed in the lower elevation
sections of the profiles (Kiflai et al. 2019). This low resistivity/ high salinity is clearly
visible east of 130 m of profile. For further details, please refer to chapter 2 of this
dissertation.
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3.3.2. Data Analysis
I.

EM Calibration
In a Vertical Electrical Sounding (VES), apparent resistivity measurements are made

at a single location by systematically expanding electrode spacings. When the electrode
spacing increases, the depth of penetration increases. VES data were extracted from the
ERT profile line at seven distinct positions on the transect, 27, 55, 83, 111, 139, 167, and
195 meters from the western end of the profile of January and December 2018 ERT data
(Figure 3.3). The data were extracted at 2, 6, 10, 14, and 18 m electrode spacing. These
extraction locations were selected to provide the greatest number of data and the maximum
effective depth of penetration from each roll along measurements. The VES data extracted
from the ERT survey were inverted to 1-D sounding models using IX1DV3 software
(http://www.interpex.com/ix1dv3/ix1dv3.htm) and used for EM calibration purposes. The
EM calibration approach and modeling technique are illustrated in the flow chart in Figure
3.4.
In this study, the data were inverted using Occam’s inversion (Stoyer 2019; Constable
et al. 1984) and used four layers over an infinite half-space, and the layer thickness
increased progressively from 0.5 to 2 m. The Occam's inversion is a smooth model that
depends weekly on the starting value and avoids the problem in the selection of the starting
model (Chang-Chun et al. 2019). The Occam’s inversion constrained the vertical
smoothness and the data fitting and produced a smooth model (Constable et al. 1984)
subjected to the constraint used (Stoyer 2019).
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The VES model shown in Figure 3.5 is one of the VES examples extracted from
the ERT data. In January and December 2018, the VES sounding model showed low
resistivity less than 10 Ω⋅m in the upper 2 m. The resistivity increased with depth to about
50 Ω⋅m in the middle layer. Then, the resistivity decreased to less than 10 Ω⋅m at the
bottom layer. Generally, the December 2018 VES resistivity is higher than January 2018
VES resistivity. For further details of all the VES sounding models, see the appendix 3A.
The Occam’s inversion from all the sounding curves has a reasonable fit to the data. We
used these VES results to calculate the quadrature response component in the EM forward
model and used it for calibration purposes.
The EM quadrature response was calculated from the inverted VES Occam’s
inversion model. The quadrature response was determined from the VES forward model
by considering the spacing (1.21 m), frequencies (2, 6/8, and 15 KHz) and orientation
(vertical dipole) of the EM instrument. Then, we compared the calculated quadrature value
obtained from the forward model of the VES model with the observed EM data.
In all frequencies, the observed quadrature data was underestimated compared to
the calculated quadrature data in January and December 2018 (Figure 3.6). The calculated
quadrature values are consistently greater than the dashed line (1:1) and suggested that a
shifting factor is required to calibrate the observed quadrature data. In the regression lines,
the slope varies from 1.08 to 1.33, and the intercept varies from 75.3 at 2 KHz to 1643 at
15 KHz. In all scatter plots, the observed and calculated quadrature data showed a strong
linear correlation, and the regression lines are statistically significant with R2 value that
ranges from 0.78 to 0.90 (Figure 3.6 and Table 3.1). The statistical analysis of the
regression lines is summarized in table 3.1.
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The observed and calculated quadrature data have a strong positive correlation. The
Shapiro-Wilk normality test of the observed quadrature (w= 0.75, p=0.001) and the
calculated quadrature (w = 0.88011, p=0.001) suggests the observed and calculated
quadrature are not normally distributed. As the data are not normally distributed, a
Spearman correlation coefficient was calculated between the observed and calculated
quadrature (ρ=0.83, p= 0.001) indicates a strong positive correlation.
The regression lines of January and December 2018, are similar at the same
frequencies (Figure 3.6a, 3.6c). The quadrature data increases monotonically with an
increase in frequencies, and also, there is a systematic increase in intercept with increasing
frequency. In addition, there is a positive linear correlation between the intercept and
frequency (R=0.98, p= 0.001) (Figure 3.7a) and a weaker negative correlation (R = -0.64,
p = 0.17) between slope and frequency (Figure 3.7b). This linear correlation showed the
intercept has a significant correlation with frequency. Hence, we explored a multiple linear
regression to examine the influence of frequency and observed quadrature data as the value
increases monotonically.
In this study, we used multiple linear regression to predict a general calibration
equation using the observed quadrature data and frequency in R software. In the multiple
linear regression; we aim at explaining the relationship between the explanatory variables
(observed quadrature and frequency) and the response variable (calculated quadrature) by
fitting a multiple linear regression. Based on the regression analysis, we developed a
calibration equation based on the estimated parameters (Table 3.2), and the generalized
equation obtained is:

71

𝐸𝑀𝐶𝑎𝑙𝑏 = 1.14 ∗ 𝐸𝑀𝑂𝑏𝑠𝑣 + 0.11 ∗ 𝐹𝑟𝑒𝑞𝑒𝑢𝑛𝑐𝑦 − 140.3

(3.1)

where 𝐸𝑀𝐶𝑎𝑙𝑏 , 𝐸𝑀𝑂𝑏𝑠𝑣 , and frequency represent EM calibrated data (ppm), EM observed
data (ppm), and frequency (Hz), respectively.
The model accuracy and significance were assessed using Nash-Sutcliffe efficiency
(NSE), residual error, and ANOVA statistical analysis. We used the NSE model to evaluate
the predictive power of the calibrated model with respect to the calculated data. The NSE
indicates how well the plot of observed versus simulated data fits the 1:1 line (Nash and
Sutcliffe, 1970). In the NSE model, the R2 value of 1 indicates a perfect fit between the
observed and simulated model and less than or equal to zero indicate a poor fit. The
multiple linear regression has a high correlation coefficient (r = 0.93, p= 2.2 ^{-16})), and
the calibrated and calculated quadrature data have NSE R2 value of 0.9396 and indicates
that it has a high predictive capability.
The analysis of variance (ANOVA) is a standard statistical technique commonly
used to determine the significance of the explanatory variables on the response variable.
According to ANOVA statistical analysis, both the observed quadrature data and frequency
are highly statically significant (R2= 0.93, p= 2.2 ^ {-16}) (Table 3.3). The values of the
F-statistic and Pr (>F) of the EM observed and frequency shows that adding the frequency
parameter provided a better model. Consequently, the multiple regressions model appears
to be satisfactory for calibrating the data.
The performance of the obtained regression models is assessed using the residuals
against fitted values analysis. The residuals vs. fitted values in R is a diagnostic plot, which
is useful for assessing the quality whether or not the chosen model equation is appropriate
(Baty et al. 2015; Kozak and Piepho 2017). The residual vs. fitted values tell how well the
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model fits the data and should be random, normally distributed around a horizontal line. In
the residuals vs. fitted values, the red line shows the average trend in residuals (Ekstrøm
2014). In the linear regression, the residuals vs. fitted values analysis (Figure 3.8a), the red
line showed a relatively distinct trend in the distribution of points. Whereas, in the multiple
linear regression, the red line is relatively flat (Figure 3.8b) and showed an improvement
from the linear regression model and suggested a good fit.
We used the calibration equation obtained from the multiple linear regression
(equation 3.1) and plotted the EM observed quadrature, VES calculated quadrature, and
calibrated quadrature (Figure 3.9). The calibrated quadrature is similar to the calculated
quadrature and indicates a high predictive power of the calibration equation, which
substantially improves the model. As a result of this, we applied the multiple linear
calibration equation for the January and December 2018 EM dataset that extended 2.2 km
along the EM profile line.
II.

Modeling
Apparent conductivity was calculated using the general equation given by (Keller

and Frischknecht 1966; McNeill 1980; equation 1.10) for a homogeneous half-space model
for the corrected dataset. The apparent conductivity is directly related to the properties of
the subsurface formation. Hence, the calculated apparent conductivity is used to assess the
spatial and temporal change between January and December 2018. In addition, this
apparent conductivity is used as an input in modeling the EM data using the low induction
number approximation.
The calibrated data were modeled as a two-layer using the low induction number
(LIN approximation (equation 1.11). During inversion, the resistivity (conductivity) of the
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freshwater and saltwater saturated formation were used to constrain the resistivity of the
two-layer model. Fixed constraining values were extracted from the November 2011 ERT
data using the contour line of 3 PSU as a sharp interface indicator. The average conductivity
of the freshwater (less than 3 PSU) and saltwater (greater than 3 PSU) were extracted to
correspond freshwater and saltwater saturated formation (Figure 3.2b). An average
resistivity (conductivity) value of 40 Ω⋅m (25 mS/m) and 6 Ω⋅m (166.6 mS/m) were
extracted that represents the freshwater and saltwater saturated formations. The November
2011 ERT data was used as it is a simple model and represents the freshwater lens geometry
before Hurricane Irma disturbance. Stewart (1988), adjusted the interface depth by varying
the conductivity of the saltwater saturated formation from the VES solution until the
thickness of the EM data matches with VES solution and water quality data.
In the LIN approximation, we adopted a similar assumption made by Stewart
(1988) for a horizontal dipole. In this study, we applied a similar approach for a 2-layer
vertical dipole. We estimated the depth of the interface using the LIN approximation as a
2-layer model. For a 2-layer model of conductivities 𝜎1 and 𝜎2 and dimensionless depths
(𝑧) (the ratio of depth to coil spacing), the apparent conductivity (𝜎𝑎 ) is:
𝜎𝑎 = 𝜎1 [1 − 𝑅(𝑧)] + 𝜎2 𝑅(𝑧)

(3.2)

where R is the cumulative response function for each layer,
𝑅 (𝑧 ) =

1

(3.3)

√4𝑧 2 + 1

(Mc Neill, 1980). Solving equation (2) for 𝑅(𝑧).
𝜎𝑎 − 𝜎1 (1) = 𝜎1 𝑅(𝑧) + 𝜎2 𝑅(z)
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(3.4)

𝑅 (𝑧 ) =

𝜎2 − 𝜎1
𝜎𝑎 − 𝜎1

(3.5)

We know 𝑅(𝑧) = 1⁄√ 4𝑧 2 + 1 ,
𝜎2 − 𝜎1
= 1⁄√ 4𝑧 2 + 1
𝜎𝑎 − 𝜎1

(3.6)

Substituting, squaring and rearranging both sides
z =

1
2

2

√( 𝜎2− 𝜎1 ) − 1 ,
𝜎 −𝜎
𝑎

(3.7)

1

where Z is the depth below land surface to the interface.
The induction number (D) is the ratio of the coil spacing (s) to skin depth(𝛿) =
1⁄√𝜋µ0 𝜎ƒ. This approximation is valid when the conductivities are sufficiently low that
the operational constraints of the induction number (D<<1) are respected (McNeill 1980).
McNeill (1980) recommends the LIN approximation should be used where σ ≤ 100 mS/m.
We summarized in Table 3.4, the induction number (D) of the EMP 400 profiler on a range
of conductivity (resistivity) values. The LIN approximation is more reasonable in the lower
frequency range (2 KHz). However, the low-frequency range of the EMP 400 profiler is
sensitive to noise. Hence, we used the data at 6 KHz and 8 KHz for the LIN approximation
and compared it with the full solution inversion.
The calibrated data were inverted in IX1D V3 as a 2-layer model using the full
solution (equation 1.14). In the full solution, the inphase value in some measurements was
negative and exceptionally higher than the quadrature value at 15 KHz in January 2018.
Hence, in the full solution inversion, the inphase values were masked and the data were
inverted using the quadrature component. Due to the inherent non-unique model and highly
dependent on the starting initial model, the models were incapable of resolving the layers.
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As a result of this, the resistivity of the freshwater and saltwater were fixed using the data
extracted from the ERT image (𝜌1 = 40 Ω⋅m and 𝜌2 = 6 Ω⋅m) and the models were
inverted only to estimate the interface depth.
3.4. Results
3.4.1. Seasonal Change in Apparent Conductivity
The EM data showed a temporal and spatial variation in apparent conductivity
between January to December 2018. On average, the apparent conductivity decreased
between January to December 2018 by 27 mS/m and 20 mS/m at 2 KHz and 15 KHz,
respectively. In the profile line from West to East, a significant decrease greater than 30
mS/m occurred between 200-250 m, 450-500 m, 550-600m, 675- 725 m, 1300- 1550 m,
and 1700-1900 m at 2 and 15 KHz (Figure 3.10b, 3.10c). These changes are most
pronounced in the lower elevation regions, less than 1 m elevations. In contrast, the
apparent conductivity change was not significant, where the elevation is higher than 1 m.
The apparent conductivity change was minimal along the Western and Eastern margin of
the island (Figure 3.10b, 3.10c).
3.4.2. EM Inverted Models
The calibrated EM data was inverted as a 2-layer model using the LIN approximation
and full solution by constraining the conductivity of the layers. Both results showed a
consistent estimate of the freshwater and saltwater interface throughout the profile line
(Figure 3.11a and 3.11b). In January 2018, the depth of the interface was estimated on
average at a depth of 2.5 m from the land surface and became thinner towards the margins
of the island (Figure 3.11a). The shallow estimated interface depth corresponds to the lower
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elevation region and clearly visible at around 500 m, 1440 m-1500 m, and 1800 m and
occurred when the apparent conductivities are greater than 70 mS/m. Despite the consistent
estimate of the freshwater and saltwater interface, the LIN produces shallower interface
depths than the full solution at certain localities, when the apparent conductivities are
greater than 150 mS/m. The LIN approximation is less applicable when the apparent
conductivities are greater than 100 mS/m In contrast, in the full solution below 5 m depth,
specific models have poor goodness of fit and showed a sharp spike in the interface.
In December 2018, the interface depth was estimated on average at a depth of 3.5 m
from the land surface (Figure 3.11b). Similar to January 2018, the shallow interface depth
observed at around 500 m, 1400-1500 m, and 1800 m and corresponds to low elevation
regions. The LIN approximation estimated deeper interface depth compared to the full
solution throughout the profile line. Besides, in the LIN approximation, there are many
notable spikes and deviated from the full solution.
Between December to January 2018, the seasonal change in the thickness of the
freshwater lens increased on average by 1 m and is most pronounced on the lower elevation
regions (Figure 3.12). Most of the change observed between 100 m – 300 m, 400 m – 600
m, 700 m- 800 m, and 1200 m – 1900m. However, the shape of the interface remains the
same in December and January 2018. The interface depth variation was minimal along the
Western and Eastern margin of the island.
3.5. Discussion
The linear regression trend between the observed and calibrated data is a promising
calibration approach. A strong linear correlation noticed between the observed and
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calculated quadrature data with R2 value that ranges between 0.74 to 0.93. The spearman
correlation coefficient confirmed the strong positive correlation between the observed and
calculated quadrature. In all frequencies, the observed quadrature data was underestimated
compared to the calculated quadrature data (Figure 3.6) and suggested a correction factor
is required to calibrate the observed quadrature data.
The derived multiple linear equations gave a good agreement between the calculated
and calibrated data. In the multiple linear regression, according to the ANOVA statistical
analysis, both the observed quadrature data and frequencies are statistically significant (R2
= 0.93, p= 2.2 ^ {-16}) (Table 3.3). The performance of the multiple linear equations
assessed using the Nash-Sutcliffe efficiency (NSE) and the R2 value 0.93, indicated the
accuracy of the predictive power of the multiple linear equations. Moreover, in the residual
vs. fitted value analysis, the multiple linear regression model showed an improvement from
linear regression (Figure 3.8). As a result of this, the derived multiple linear regression
equation was applied for the dataset that extended to 2.2 Km profile line. Minsley (2012)
observed that the calibration parameters may drift over time and suggested re-assessment
of the system calibration throughout the profile line. Based on the results from this study,
VES at pilot locations can be used for calibration purposes and verification of the accuracy
of EM measurements.
In January 2018, the VES showed the deposition of saline water (high conductivity/low
resistivity) on top of the freshwater lens (Figure 3.5a). Most of the VES models are a typical
example of K types electrical resistivity curve, where the resistivity rises to a maximum
and then decreases. This curve demonstrates that the intermediate layer has a higher
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resistivity than the top and bottom layers (i.e., R1<R2>R3) (Figure 3.5a). The low
resistivity in the upper 2 m depth suggests the deposition of saline water on top of the
freshwater lens. In December 2018, the VES showed a decrease of salinity in the top 2 m.
The VES has a K types electrical resistivity curve and inclination towards Q type electrical
resistivity curve layers (i.e., R1>R2>R3) (Figure 3.5b). The inclination towards the Q type
indicates the resistivity in the upper 2 m depth increased compared to January 2018
sounding curves and suggested the recovery of the freshwater lens.
The EM apparent conductivity change between January to December 2018 showed a
significant decrease in conductivity and most pronounced in the lower elevations region of
the profile line (Figure 3.10). The apparent conductivity decreased between 200 to 250 m,
450 to 500 m, 550 to 600m, 675 to 725, 1300 to 1550, and 1700 to 1900 m. These changes
are most pronounced in the lower elevation region of the profile line (Figure 3.10). This
change after a year revealed the recovery of the freshwater lens due to intense precipitation
and related to the cumulative rainfall recorded in 2018 and especially to the large
precipitation event recorded in May 2018 (Figure 2.6). This result suggests the impact on
the freshwater lens and recovery is influenced by topography. The apparent conductivity
change was minimal along the Western and Eastern margin of the island and indicated the
region was saline pre and post-storm condition. Furthermore, the apparent conductivity
change was minimal in the higher elevation regions and may suggest the area is not yet
recovered fully from the impact of the storm.
The LIN approximation and full solution showed a consistent estimate of the freshwater
and saltwater interface throughout the profile line (Figure 3.11). In general, the freshwater
lens depth estimated at 2.5 m in January 2018 and 3.5 m in December 2018 from the land
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surface. This result suggests the freshwater lens recovery. The full solution and the LIN
approximation gives a consistent result throughout the profile line. Generally, the LIN
estimated shallow depth compared to the full solution, and the full solution has spikes at
certain localities when the model has poor goodness of fit. Even though both the models
are similar, the LIN approximation depends on several assumptions. Hence, we select the
full solution to compare the seasonal change.
Between January to December 2018, on average, the interface depth increased by 1 m.
This recovery in the thickness of the aquifer occurred mostly in the lower topographic relief
between higher elevation regions (Figure 3.12). Slope plays an important role and caused
the drainage accumulated in the low topographic relief. The collected water in the low
relief features potentially has higher residence time and an opportunity to infiltrate to the
ground. As a result of this, the infiltration rate increases in low relief features. Khan et al.
(2016) suggested a micro-relief increased the surface area for infiltration and resulted in an
increase in the infiltration rate. The infiltration rate generally depends on geomorphology,
soil hydraulic properties, rainfall, and evapotranspiration. This result indicates the
contribution of slope in the recovery of the low relief features.
The LIN approximation and full solution underestimated the depth of the interface in
the low elevation regions, where the conductivity was high. The high conductivity value
on this region represents the deposition of the saline water on top of the freshwater (Kiflai
et al. 2019; Ross et al. 2019). Wightman (2010) suggested the EM methods may
underestimate the depth of the interface if a substantial brackish layer is present. The ERT
result (Chapter 2) along the profile line B1 and B2 indicated a substantial brackish layer.
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Therefore, the results obtained using the LIN approximation and the full solution is a
simplified hydrological condition.
The temporal and spatial resistivity variation on BPK demonstrated from the ERT
result (Chapter 2), and the VES result (Figure 3.5) showed the complex hydrological
condition. In addition, the short coil spacing (1.219 m) of the EMP 400 profiler may have
a limitation to capture in-depth information of the subsurface formation. Besides, the
interface depth compared using 6 KHz and 8 KHz may have different penetration depths.
Therefore, the 2-layer results obtained using the LIN approximation and the full solution
is a simplified result and may not represent in detail the current condition of the aquifer.
Some limitations of this study could be, the VES was assumed as an exact model, even
though there is an error associated during measurement and inversion. The error in the VES
data could mislead the calibration approach and result. Secondly, the subsurface formation
lateral variation was assumed a homogenous and may underfit or overfit the models.
3.6. Conclusions
In this study, we used VES, and EM data collected four months (January 2018) and 15
months (December 2018) after Hurricane Irma to assess the impact of the storm surge and
recovery history of the freshwater lens and investigated a calibration of EMI conductivities
based on VES measurements. During calibration, the inverted VES data were used as input
in the electromagnetic forward model to estimate the quadrature response component.
Then, the observed offset between the calculated and measured quadrature data was
corrected using a multiple linear regression model. The derived multiple linear models gave
a good agreement between the calculated and calibrated data and indicated a promising
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calibration approach. Thus, VES at pilot locations can be used to calibrate and verify the
accuracy of FDEM measurements.
In January 2018, the VES showed the low resistivity (high conductivity) on the upper
2 m depth and suggested the deposition of saline water on top of the freshwater lens. The
apparent conductivity change, between January to December 2018, showed a significant
decrease in conductivity and, most pronounced in the lower elevations region, suggest the
recovery of the freshwater lens. The LIN approximation and full solution showed a
consistent estimate of the freshwater and saltwater interface and estimated at 2.5 m in
January 2018 and 3.5 m in December 2018 from the land surface. Therefore, both the
impact of the storm surge and recovery due to precipitation is most pronounced in the lower
elevations portion of the island, and the rate of recovery increased most in the low relief
features.
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Table 3. 1: Statistical analysis of the linear regression model of the EM observed
and calculated data

(Intercept)

129

Std.
Error
50.5

Slope Dec 2 KHz

1.2

0.2

(Intercept)

75.3

100

Slope Jan 2 KHz

1.33

0.3

(Intercept)

580

135

Slope Dec 8 KHz

1.27

0.18

(Intercept)

289

264

Slope Jan 6 KHz

1.21

0.28

(Intercept)

1348

220

Slope Dec 15 KHz

1.21

0.2

(Intercept)

1643

406

Slope Jan 15 KHz

1.08

0.25

Estimate

RSE
57.6
100
177
270
350
604

R
Square
0.87
0.79
0.9
0.79
0.88
0.78

F
Statistic
34.57
19.43
47.81
18.69
36.71
18.48

DF
5
5
5
5
5
5

T
value
2.56

Pr(>|t|)[1]4
0.05096

.

5.88

0.00202

**

0.75

0.48678

4.41

0.00697

**

4.31

0.00768

**

6.92

0.00097

***

1.09

0.32385

4.32

0.00755

**

6.13

0.00168

**

6.06

0.00177

**

4.05

0.00982

**

4.3

0.00772

**

Notes: DF= Degree of freedom, and RSE= residual standard error.

4

Signif. codes:

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Table 3.2: Statistical parameters of the multiple linear regression

Call:
lm(formula = EM-Calculated ~ EM-Observed + Frequency)
Residuals:
Min
-892.79

1Q
-80.81

Median
28.12

3Q
-113.42

Max
840.83

Coefficients:
Source
(Intercept)
EM-Observed
Frequency

Estimate

t value

Pr(>|t|)

-140.3

Std.
Error
84.06

1.669

0.103

1.140

0.08444

13.498

2.79e-16 ***

0.1065

0.009902

10.754

3.14e-13 ***

--Signif.codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 296.3 on 39 degrees of freedom
Multiple R-squared:

0.9397, Adjusted R-squared:

0.9367

F-statistic: 304.1 on 2 and 39 DF, p-value: < 2.2e-16

Table 3. 3: Analysis of Variance Table
Source

5

Mean
Square

EM Observed 1

43255448

43255448

492.58

< 2.2e-16 ***

Frequency

1

10155550

10155550

115.65

3.139e-13 ***

39

3424769

87815

Signif. codes:

F Ratio

Pr(>F) 5

Sum of
Squares

Residuals

Degrees of
Freedom

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Table 3.4: A table of induction numbers, D for frequencies between 1 and
16 KHz for EMP 400 Profiler. The shaded rows represent the frequencies
used during the EM survey

Resistivity (Ωm)
Conductivity (mS/m)
F (KHz)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

100
10
D
0.008
0.011
0.013
0.015
0.017
0.019
0.020
0.022
0.023
0.024
0.025
0.026
0.027
0.028
0.029
0.030

10
100
D
0.024
0.034
0.042
0.048
0.054
0.059
0.064
0.068
0.072
0.076
0.080
0.083
0.087
0.090
0.093
0.096
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1
1000
D
0.076
0.108
0.132
0.152
0.170
0.186
0.201
0.215
0.228
0.241
0.252
0.264
0.274
0.285
0.295
0.304

0.5
2000
D
0.108
0.152
0.186
0.215
0.241
0.264
0.285
0.304
0.323
0.340
0.357
0.373
0.388
0.403
0.417
0.430

Figure 3.1: Topographic map of Big Pine Key showing the location
of the boundary of the freshwater lens (Wightman, 1990), EM, and
ERT profile line. Inset map shows the track of Hurricane Irma
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Figure 3.2: ERT resistivity models on profile B1. a. Topography. The gold
and blue lines indicate the unsaturated and saturated zone in the wells; b.
November 2011; c. January 2018; d. May 2018; e. December 2018. The
black and red contour line represents a salinity of 3 and 10 PSU. The 0.2
DOI index is shown as a dashed line. The location of the profiles is shown
in Figure 2.2. Elevations are relative to NAVD88.
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Depth of Investigation
(m)

Distance
(m)

27

55

83

111

139

167

195

Figure 3.3: Measured Apparent Resistivity Pseudosection with an
electrode spacing of 2 m. The VES sounding was extracted at 27, 55, 83,
111, 139, 167, and 195 m at electrode spacing of 2, 6, 10, 14 and 18 m

Figure 3.4: Flow chart of EM data calibration using VES data,
modeling and interpretation approach
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Figure 3.5: Vertical Sounding Curve along the profile line B1 at
195 m from the ERT starting point in figure 3.3 (a) January 2018:
The Occam’s Inverted model has a characteristic of K-Type
curves. (b) December 2018: The Occam’s Inverted model
inclines Q-Type.
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Figure 3.6: Linear regression model between observed and
calculated quadrature. The red and blue regression line
represents January 2018 and December 2018 data at (a) 2 KHz,
(b) 6 and 8 KHz, and (c) 15 KHz.
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Figure 3.7: Relationship of slope and intercept of January and
December 2018 regression lines with frequency.

Figure 3.8: Plot of residual vs. fitted value (A) linear regression (B) multiple
linear regression. On the x-axis are observed quadrature and on the y-axis are
the model residual.
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Figure 3.9: Multiple Linear regression prediction power. The
EM observed were measured using the EMP 400 Profiler, the
VES observed were calculated from the VES forward model,
and the EM Calibrated were calculated using the multiple linear
regression equation
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Figure 3.10: Calibrated apparent electrical conductivity change
data along the EM profile line (a) topography (b) conductivity
change at 2 KHz and (c) conductivity change at 15 KHz.
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Figure 3.11: Freshwater-saltwater interface in BPK along the
EM profile line (A) January 2018 and (B) December 2018.
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Figure 3.12: Seasonal change of freshwater and saltwater interface in
BPK in January and December 2018, using the full solution inversion.
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4. Geophysical Characterization of Salinity in the Shallow Water Estuarine Lakes
of the Southern Everglades: A Case Study of Methods and Modeling Approaches
Abstract
Inverse modeling helps to recover information about the subsurface physical properties
and the inherent non-uniqueness of the inverse solution can be reduced by adding
additional constraining parameters. This paper aims to select an efficient inversion method
of 1-D constrained and unconstrained electrical resistivity and electromagnetic inversion
methods and compare the accuracy and consistency of the two geophysical methods. A
floating electrical resistivity array and electromagnetic surveys were conducted between
June to August 2019 in the Mangrove Lakes of Everglades National Park, Florida, to
develop techniques for making repeatable measurements of the electrical conductivity
(salinity) of the groundwater. The resistivity data were inverted to 2 and 3-layers models,
and the EM data were inverted to a 2-layer model and compared four different inversion
scenarios, namely free model, constrained water depth, constrained water column
resistivity, and constrained water depth and resistivity model. In the free model, both the
surface water resistivity and depth were allowed to be unconstrained in the inversion,
whereas, for the constrained models, the water layer thickness and resistivity were fixed
using the measured data using a calibrated rod and a YSI Probe.
The models were evaluated based on the goodness of fit, RMS error, percent error of
the parameters, constraint of parameters, and similarity with Occam’s inversion. Based on
these criteria, the constrained water depth model was selected as the best model to invert
the resistivity and EM data. In addition, the Dipole-dipole array provided a greater depth
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penetration and better resolution than the Schlumberger array. In the study area, a
comparison of the constrained water depth 2-layer and 3-layer resistivity and EM models
suggested, a 2-layer model is valid in West Lake and Seven Palm system, and a 3-layer
model is recommended in the Mrazek Pond due to the presence of clay materials beneath
the pond. Furthermore, the goodness of fit in the models and low RMS error alone may not
explain the underlain geology in detail. Therefore, an integrated approach of using EM,
resistivity, and other geological information is necessary to characterize the subsurface
formation accurately.
4.1. Introduction
The Mangrove Lakes are interconnected set of shallow (~ 1 m), brackish lake and creek
systems on the southern margin of the Everglades National Park (ENP) adjacent to Florida
Bay. This system has experienced significant changes in water quality over the past century
as a result of reduced freshwater flows in the Everglades. Moreover, the highly permeable
limestone aquifers bounded by ocean and brackish bays make the coastal aquifers of south
Florida highly susceptible to saltwater intrusion. Thus, the reduced freshwater flow and
saltwater intrusion lead to a cascading collapse of the marine and estuarine ecosystem (Park
et al 2016).
The extent of saltwater intrusion in coastal aquifers can be estimated by direct salinity
measurements in observation wells and geophysical measurements. Freshwater and
saltwater interaction in coastal aquifers using geophysical methods have been studied
extensively, however, only limited studies have been conducted in estuaries (Acworth et
al. 2003; Mansoor et al. 2003; Shalem et al. 2015). Mansoor et al. (2006) used an EM31
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terrain-conductivity meter to characterize shallow water wetlands contaminated by
leachates from adjacent landfills and/or salt water ingress from a partial tidal connection in
Kearny Marsh, New Jersey. The authors used a 1-D laterally constrained inversion 2-layer
model, where the surface water conductivity and depth were fixed from the surface water
quality probe measurements and inverted only for the sediment conductivity.
Geophysical methods have been used and applied to solve hydrogeological and
environmental problems. In different environmental settings (water or land), the choice of
Electromagnetic (EM) modeling approach depends on the type of instrument used, coil
orientation, and geological setting. Similarly, in the electrical resistivity method, it depends
on electrical array configuration, sensitivity to the target of interest, signal-to-noise ratio,
depth of investigation, lateral data coverage (Sharma and Verma 2015), and geological
setting. An integrated approach of electrical resistivity and electromagnetic is advisable to
establish layer thicknesses and resistivity models. However, a different combination of
resistivity and thickness of the subsurface layer can produce the same or similar result
known as a principle of equivalence (Koefoed 1969). This means the difference can’t be
seen in the sounding curves. Furthermore, the suppression principle (hidden layer problem)
suggests when an intercalated layer that has an intermediate resistivity sandwiched between
two conducting beds would produce no effect on the resistivity curves unless it is very
thick if the products of their thicknesses and resistivities are the same (Kunetz 1966;
Sanuade et al. 2019). Generally, the intercalated layer is detected if its thickness is greater
than its depth, and its resistivity differs from the cover layer (Knödel et al. 2007).
Therefore, to reduce this such ambiguity, and the inherent non-uniqueness of the inverse
solution, adding additional constraining parameters are required.
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Different studies have been conducted using a constrained inversion model of
electrical resistivity and EM methods. Constrained inversion methods were applied on a
layered and laterally constrained 2-D inversion of DC resistivity (Auken and Christiansen
2004), continuous resistivity profiling (CRP) (Day-Lewis et al. 2006; Auken et al. 2005),
time-domain EM data (Vignolo et al. 2015) and mutually constrained Inversion (MCI) of
electrical and electromagnetic data (Auken et al. 2001; Christiansen et al. 2007). DayLewis (2006) mentioned incorporating constraints on the water-column resistivity and
thickness enhances the resolution and accuracy of CRP. The model resolution improves
when the number of unknowns is reduced. In addition, the author suggested that the
accuracy of the constraining parameters is critical because a small error applied in
constraining the parameters led to significant errors in the result. Dell’Aversana (2005)
used water depth constrained inversion in marine controlled-source EM data and suggested
constrained inversion allows to resolve complicated models with multiple resistivity layers,
and also in shallow water conditions.
In this study, coincident vertical electrical and electromagnetic soundings were
conducted in the summer of 2019 in the Mangrove Lakes of ENP, Florida, to evaluate
geophysical techniques for characterizing the electrical conductivity and salinity of the
groundwater. These data were modeled with a range of approaches to determine the best
methods to constrain the inverse models with ancillary water depth and electrical
conductivity measurements. In addition, the ability of these techniques to differentiate
between 2-layer and 3-layer models were evaluated. This study attempts to develop a
geophysical characterization technique applicable to shallow groundwater estuarine lakes
of varying salinity.
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This study investigated the adaptability of an efficient resistivity array
configuration (Schlumberger or Dipole-dipole array) and determine the best approach on
1-D inversion parameter constraints of vertical electrical sounding (VES) model. Four
different inversion scenarios, namely free model, constrained water depth, constrained
water column resistivity, and constrained water depth and resistivity model, were
compared. In the free model, both the surface water resistivity and depth were allowed to
be unconstrained in the inversion. Whereas, for the constrained models, the water layer
thickness and resistivity were fixed using the measured data using a calibrated rod and a
YSI Probe. The accuracy of the inverse model is evaluated based on the goodness of fit,
percent error of the parameters, constraining of the parameters, and similarity with the
Occam’s inversion.
The geophysical survey was conducted in the West Lake and Mrazek Pond,
Mangrove Lakes of ENP. The VES was conducted using a floating Dipole-dipole and
Schlumberger 14 electrode array using Advanced Geosciences Inc (AGI) Super Sting R1
IP meter. In addition, a coincident EM survey was conducted using GSSI Profiler EMP400 multi-frequency EM conductivity meter in a Vertical dipole orientation using 1 to 15
KHz frequencies and selected frequency of 2, 8, and 15 KHz.
4.2. Data and Methods of Analysis
4.2.1. Data Collection
On this project, initially, a floating array was designed to gain better information
on the lake sub-bottom conductivity and associate the results from the electrical resistivity,
well data, and EM Profiler. We designed a floating Schlumberger electrical resistivity array
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using a PVC tube of 10 m long and 6 cm in diameter. The potential electrodes were set at
0.25 m, and 0.50 m spacing and the current electrodes were set between 0.5 m to 5.0 m
spacing. The floating Schlumberger electrical resistivity array works properly when
deployed on the freshwater pond at Florida International University. However, in the
brackish Mangrove lakes of ENP at a specific electrode number, a random error generated
and distorted the sounding curve. This distortion could be associated with electrical
inductive interference. Besides, the hose clamp used as electrodes oxidized and corroded
quickly in the brackish water, and it was difficult to conduct repeated measurements. As a
result of this, we order a passive graphite electrode cable from Advanced Geosciences Inc
(AGI), designed for corrosive environments.
Electrical resistivity and EM surveys were conducted in West Lake and Mrazek
Pond Mangrove Lakes of ENP between June to August 2019 (Figure 4.1). The specific
site, survey date, and array types are summarized in Table 4.1. The electrical resistivity
surveys were conducted using a floating Dipole-dipole and/or Schlumberger array of 14
graphite electrodes spaced at one-meter intervals using AGI Supersting resistivity meter
(Figure 4.2). A schematic diagram of the Dipole-dipole and Schlumberger electrical
resistivity array is shown in Figures 4.3 and 4.4. In Dipole-Dipole arrays, the dipoles are
equal in width (a) and separated by a distance n*a, where n is an integer multiplier (Figure
4.3). In Schlumberger array, the potential electrodes (M and N) are placed close together
in the center and the current electrodes (A and B) are moved outward to a greater separation
throughout the array (Figure 4.4).
In the Dipole-dipole array, 48 measurements were recorded with 1-meter and 2meter dipole length. Thirty-two measurements were recorded with 1-meter dipole length
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at a spacing ranging between 1 and 11 m. and 16 measurements were recorded with 2meter dipole length at a spacing of 2, 4, 6, and 8 m. However, the 16 measurements
recorded with 2-meter dipole length were not modeled because the software only supports
inverting data measured at one dipole length. The measurements included reciprocal
measurements where the current and potential electrode pairs are exchanged. These
reciprocal measurements provide redundancy and the ability to estimate measurement
uncertainty. In the analysis, the average value of the measurements with 1-meter dipole
length and its reciprocal were used.
In the Schlumberger array, 12 measurements were recorded in each sounding
survey that includes the reciprocal measurements. The potential electrode spacing was set
at 1-meter spacing and the current electrodes were set between 3 m to 14 m spacing. In the
analysis, similar to the Dipole-dipole array, the average value of the measurements and its
reciprocal were used.
The EM survey was conducted using GSSI Profiler EMP-400 multi-frequency EM
conductivity meter deployed in a flat-bottomed plastic kayak integrated with a GPS
receiver (Figure 4.5). The instrument is calibrated at the GSSI factory by suspending it well
above the ground and zeroing the field values. Besides, before data acquisition, field
calibration is performed on-site. This field calibration procedure removes any
electromagnetic effects of the operator and other equipment in the surrounding area. The
Profiler can record data at frequencies on the range 1 to 16 KHz and measure at three
frequency at a time. During the survey, the data were recorded in vertical dipole orientation
using all the frequencies between 1 and15 KHz in June 2019 and selected frequency of 2,
8, and 15 KHz in June and August 2019. The 1 to 15 KHz data set were recorded by
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continuously changing three frequency after each sounding. During the geophysical
survey, surface water conductivity, temperature, and salinity were measured with the help
of water quality YSI probe measurement. In addition, the depth of the water column was
measured using a calibrated rod. These measurements were used to constrain the
parameters in the inversion.
In June 2019, the survey was conducted in West lake dock (Table 4.1) and planned
to develop field procedures and to compare resistivity array configuration of Schlumberger
or Dipole-dipole. The measurements were performed both with the cable placed on the lake
bottom and floating on the surface using foam noodles to provide flotation. However, due
to poor water visibility in the lakes, it was difficult to see the cable on the lake bottom and
to verify that the electrodes were at their proper positions. Hence, all future deployments
were conducted using a floating array. The results from this survey were the baseline for
future data collection dates. A detailed comparison of the Schlumberger and Dipole-dipole
is presented in section (4.3.1).
A preliminary data analysis of the surface water conductivity from the YSI probe
and the Dipole-dipole resistivity model showed a 27 % variation on the results. Hence,
calibration of the instruments was required to acquire accurate results. We calibrated the
YSI Probe in the office using standard conductivity solutions of 1000 µS/cm and 12890
µS/cm, according to the in-situ Inc (https://in-situ.com) instructions. The DC resistivity
meter was tested using the super sting receiver test box. The measured resistance was 440
mΩ, with a standard deviation of 0.3%. According to AGIUSA recommendation, the
measured resistance value should be equal to 500 mΩ (+/-5%) with an acceptable range of
475 to 525 mΩ (https://www.agiusa.com/). As a result of this, the DC resistivity meter was
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returned to the AGIUSA factory for proper instrument maintenance and calibration. After
calibration, most of the sounding results were consistent with the YSI probe measurements
(Appendix 4A). Therefore, it is advisable to clean the YSI probe with distilled water before
every measurement and calibrate the YSI probe frequently.
In July 2019, after the instrument calibration, a Dipole-dipole resistivity sounding
was conducted in the West lake system (Table 4.1). However, due to a calibration error of
the EM instrument, we were unable to conduct an EM survey. The July 2019 data set
analysis is presented in chapter five in detail. Later in August 2019, the Dipole-dipole
resistivity and EM measurements were repeated in West Lake dock and Mrazek Pond to
assess the modeling approach of 2-layer and 3-layer models (Table 4.1).
4.2.2. Data Analysis
The resistivity and EM data were inverted to a 1-D sounding model using IX1D V3
software (http://www.interpex.com/ix1dv3/ix1dv3.htm). IX1D V3 allows modeling of the
subsurface using either ridge regression or a smooth model approach (Occam’s Inversion).
In the ridge regression both the layer thickness and resistivity are modeled (Stoyer 2008;
Inman 1975). IX1D V3 also provides an equivalency analysis that shows the possible range
of models that can fit the data and provides information about the non-uniqueness of the
model. The equivalency analysis is based on the resolution matrix, which is a byproduct of
the inversion process. When the inverse solution reaches the best fit, the parameters
increment to adjust until the fitting error reaches 1.2 times the best-fit error and uses to
determine the range of the equivalent parameters (Stoyer 2008). However, this analysis
assumes linearity in the model.
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For the smooth model inversion, the layer thicknesses are fixed and the algorithm
produces the best fit of the data while minimizing the change in resistivity between the
layers (Constable et al. 1984). Occam inversion provides the smoothest possible model and
generally doesn’t show sharp changes (Constable et al. 1984). In this study, in the Occam’s
inversion, 10 layers over an infinite half-space were used, and the layer thickness increased
progressively from 0.1 to 5 m. The Occam's inversion is a smooth model that depends
weekly on the starting value and avoids the problem in the selection of the starting model
(Chang-Chun et al. 2019).

The resistivity data were inverted to a 2-layer model and compared four different
inversion methods, such as free model, constrained water depth, constrained water column
resistivity, and constrained water depth and resistivity models. In the free model, both the
surface water resistivity and depth were allowed to be unconstrained in the inversion.
Whereas for the constrained water depth model, the water layer thickness was fixed, and
for the constrained water column resistivity model, the surface water resistivity was fixed.
In the constrained water depth and resistivity model, both the surface water resistivity and
depth were fixed. In addition, a comparison of constrained water depth 2-layer and 3-layer
models were performed on the data collected in August 2019 in West Lake and Mrazek
Pond.
In all the inversion scenarios, the starting model of the 2-layer model used was the
resistivity and depth of the water column measured using a YSI probe and a calibrated rod.
These values were constrained depending on the inversion approach. In addition, the lake
bottom resistivity value was assumed five times higher water column resistivity based on
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the previous study. In the 3-layer models, we used the same constraining approach as the
2-layer model and assumed 1 m starting depth for the 2nd layer. This second layer thickness
remained unconstrained in the inversion.
The frequency-domain EM data were inverted using IX1D V3 as a 2-layer model. During
inversion, the inphase values were masked, because a few inphase measurements in the
lower frequency range were negative. Therefore, only the quadrature component was
inverted. Similar to the resistivity model, the best fit model was obtained by constraining
the parameters using the measured value from the YSI probe and calibrated rod. The
Occam’s inversion used a 10 layer model and the thickness of the layer increases with
depth that ranges between 0.1 m to 5 m.
4.3. Results and Discussion
In this study, we compared geophysical approaches to characterizing the electrical
conductivity and salinity of the groundwater beneath the lakes. This included comparing
vertical soundings using the dipole-dipole and Schlumberger arrays (section 4.3.1). In
addition, we compared the effect of model parameter constraints (resistivity and depth) on
the inversion quality (section 4.3.2). Next, we explored the ability of VES to distinguish
between a 2 -layer model corresponding to surface water over limestone bedrock from a 3layer model which included a clay sediment layer over the limestone (section 4.3.3).
Finally, the results of resistivity and EM soundings were compared to determine the
accuracy and consistency of the two methods (section 4.3.4). The modeling techniques
developed in this study can be used to effectively characterize the salinity of shallow-water
estuarine lakes and/or aquifers.
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4.3.1. Comparison of Dipole-dipole and Schlumberger resistivity array
The resistivity survey on June 06, 2019, was planned to develop field procedures
and to select efficient resistivity array configuration. We compared Schlumberger and
dipole-dipole array, and its reciprocal measurements. The reciprocal measurements were
conducted by swapping the current and potential electrodes. In this section, constrained
water depth Schlumberger and Dipole-dipole array inversion is presented, as the
constrained water depth inversion is used for the future analysis. In West Lake, during the
survey, the surface water resistivity measured with the YSI probe was 0.36 Ω⋅m, and the
depth of the water column measured was 1.0 m. During inversion, the depth of the water
column was constrained to 1 m depth and the starting model of the surface water and lake
bottom was 0.36 Ω⋅m and 1.8 Ω⋅m.
The Occam’s inversion result is closely aligned with the best fit model of the
Dipole-dipole array compared to the Schlumberger array. Generally, the Occam’s
inversion and the best fit model, in both the Dipole-dipole array and Schlumberger array
models have a reasonable fit. In the Schlumberger array, both the best fit and Occam’s
inversion and the Dipole-dipole, the best fit model have a poor fit in the short spacing.
The Dipole-dipole array is highly constrained and repeatable compared to the
Schlumberger array. For example, the Dipole-dipole array estimated the surface water
resistivity to 0.26 Ω⋅m, and the lake bottom resistivity to 1.43 Ω⋅m and 1.47 Ω⋅m (Figure
4.6; Table 4.2). In contrast, the Schlumberger arrays estimated the surface water resistivity
to 0.36 Ω⋅m and the lake bottom resistivity to 3.92 Ω⋅m 4.60 Ω⋅m. This showed the dipoledipole array repeatability is superior compared to the Schlumberger array. In addition,
based on the equivalency analysis, the Dipole-dipole array is highly constrained with a
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lower and upper limit of less than 0.5 Ω⋅m range (Table 4.2). In contrast, in the
Schlumberger array, the lower and upper limits ranged to 4.74 Ω⋅m and 6.86 Ω⋅m (Table
4.2). The comparison of the modeling results from Schlumberger and Dipole-dipole data
indicated that the Dipole-dipole array provided better repeatability and parameter
resolution than the Schlumberger array. Sharma and Verma 2015 also demonstrated the
characteristics of different 2-D array configurations such as the Dipole-dipole, Pole-pole
and Pole-Dipole, Wenner, and Wenner-Schlumberger. Among these array configurations,
the authors suggested Dipole-dipole has the greatest degree of sensitivity to vertical
structures.
4.3.2. Comparison of parameter constraints on VES model accuracy
The electrical resistivity data collected on July 15, 2019, in the West lake system
and on August 16, 2019, in the West lake dock were inverted to a 2-layer model in IX1D
V3. Four different inversion approaches, namely the free model, constrained water depth,
constrained water column resistivity and constrained water depth and resistivity model,
were compared (Figure 4.7; Table 4.3). The comparison results of the four resistivity
inversion approaches, on the data collected on August 16, 2019, is presented below, and
the results on the data collected on July 15, 2019, is summarized in the Appendix 4A.
Further analysis of this data set is included in Chapter Five of this dissertation.
All the four inversion scenarios are similar to the Occam’s inversion. In all the four
inversion scenarios, the best fit and Occam’s inversion showed a good agreement in
estimating the water column resistivity. However, in estimating the lake bottom resistivity,
in the top 3 m, the best fit model is higher than the Occam’s inversion in the free model

112

and constrained water column resistivity (Figure 4.7a and 4.7c). In contrast, in the
constrained water depth and constrained water depth and resistivity, the best fit model is
within the average values of the Occam’s inversion over the same depth range (Figure 4.7b
and 4.7d). This suggests the Occam’s inversion of the lake bottom resistivity has a better
agreement with the best fit model of the constrained water depth and constrained water
depth and resistivity.
The resistivity models obtained using the free model, constrained water column
resistivity, constrained water depth, and constrained water depth and resistivity have the
best goodness of fit and lower RMS error, respectively (Figure 4.7). The constrained water
depth showed a reasonable fit and small deviation in the short spacing that corresponds
with the water column resistivity. The constrained water depth and resistivity model has
poor goodness of fit with an RMS value of 12 %. Day-Lewis et al. (2006) suggested that
constraint-based inversion can improve the accuracy of the model, but a small error in the
constrain measurements can lead to a large error in the inversion result. Therefore, the
accuracy of the constraint value is critical in the inversion. As a result of this, the
constrained water depth and resistivity model is not recommended to invert the data.
A percent error is calculated by comparing the inverse modeling result with the
measurements obtained from the YSI probe and the calibrated rod. The percent error of the
water depth constrained model is less compared to the free model and water column
resistivity. The water column resistivity was 0.42 Ω⋅m measured using the YSI probe, and
the water column depth was 1.2 m measured using the calibrated rod. In the inverse model,
the free model estimated the surface water resistivity to 0.43 Ω⋅m with a percent error of 2
%, and the constrained water depth estimated to 0.35 Ω⋅m, with a percent error of 16 %.
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However, the free model estimated the water column depth to 1.97 m with a percent error
of 64 % and the constrained water column resistivity estimated to 1.91 m with a percent
error of 59 %. This result showed in the inverse model, the percent error of the water
column resistivity is greater than the depth. This result is consistent in all sounding curves
(Table 4.3; Appendix 4A). Equivalency analysis showed that the variation of the water
column resistivity of the inverted models, and the YSI probe measured values are minimal.
But, the difference between the water column depth of the inverse models and measured
values is large. Therefore, the models which don’t constrain the water depth may lead to
overestimating the lake bottom resistivity (Table 4.3). The constrained water depth model
has less percent error and could be a reasonable approach to estimate the lake bottom
resistivity.
All the models showed a highly constrained resistivity of the water column and a
moderately constrained in the water depth and lake bottom resistivity. Based on the
equivalency analysis, the four inversion scenarios estimated the water column resistivity
on the range from 0.35 to 0.43 Ω⋅m and the water column depth on the range 1.20 m to
1.97 m and the lake bottom resistivity on the range from 1.15 to 2.85 Ω⋅m (Figure 4.7;
Table 4.3). The estimated lake bottom resistivity of the free model and constrained water
column resistivity models are higher than the constrained water depth and constrained
water depth and resistivity models (Table 4.3). In the figures, where the equivalence
analysis (dashed green line) showed a tightly constrained result, the best fit model is
reasonably accurate. In cases where the equivalence analysis is unconstrained, the best fit
model showed less confidence in the accuracy of the model (Al-Garni and El-Kaliouby
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2009). Based on the equivalence analysis, lake bottom resistivity is highly constrained in
the constrained water depth and constrained water depth and resistivity models.
Comparing all the four inversion cases, the constrained water depth and resistivity
model has a poor fit. Both the free model and constrained water resistivity have the best fit
and low RMS error but overestimated the depth of the water column. The best fit obtained
using the constrained water depth is more similar to the Occam’s inversion than other
models. This model is highly constrained and has a less percent error. Therefore, based on
these assumptions, the constrained water depth model is selected as the best model to invert
the resistivity data.
4.3.3. Comparison of 2 and 3-layer resistivity models
A comparison of constrained water depth 2-layer and 3-layer resistivity models
were conducted on the data collected on August 16, 2019, in Westlake dock and Mrazek
Pond (Figure 4.8; Table 4.4). The comparison of 2 and 3 layers resistivity aims to develop
an inversion procedure for the electrical and EM data collected between 2016 to 2019 and
characterize the conductivity (salinity) of the groundwater beneath the lakes, in other
words, to detect weathered product. The mangrove lake is found on top of the limestone
aquifer, and two kinds of soil, marl, and peat occur in this region (Lodge 2010). Marl is the
most common soil seen on the drive to Flamingo along the main park road (Figure 4.1;
Stewart et al. 2002; NPS 2020). Marl is composed of calcium carbonate with variable
amounts of clays and silt. Clay is known for its lower resistivity compared with other kinds
of rock (Nor et al. 2006).
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In West Lake, the thickness of the water column was fixed to 1.2 m measured using
the calibrated rod, and the surface water resistivity was 0.42 Ω⋅m measured using the YSI
probe. In the 2- layer model, the lake bottom resistivity is estimated to 1.44 Ω⋅m with a
lower and upper limit on the range 1.18 to 1.85 Ω⋅m (Figure 4.8a; Table 4.4). In the 3-layer
model, the lake bottom resistivity is estimated to 0.80 Ω⋅m with an acceptable range 0.58
to 0.98 Ω⋅m for the 2nd layer and 6.4 Ω⋅m with an acceptable range 3.44 to 9.15 Ω⋅m for
the 3rd layer (Figure 4.8b; Table 4.4). The 2-layer model fits the data reasonably, and an
improved fit obtained in the 3-layer model. The Occam’s inversion estimated the lake
bottom resistivity approximately to 1 Ω⋅m. The Occam’s inversion is very similar to the 3layer model and the 2-layer model is similar to the average Occam’s inversion over the
same depth range. The resistivity data is similar to an “A type” curve (where the resistivity
increase continuously with depth), which makes it difficult to distinguish between 2 and 3
layer models. Based on the equivalency analysis, the 2-layer model is highly constrained
than the 3-layer model. In the 3-layer model, the intermediate layer is not resolved
uniquely. The 2-layer model is a simple model that represents the surface water and the
lake bottom resistivity. Thus, the 2-layer and 3-layer comparisons show that adding another
layer does not provide a better model. Consequently, a two-layer model appears to be
adequate for modeling the data.
In Mrazek Pond, the depth of the water column was fixed to 0.77 m measured using
the calibrated rod. In the inverse model, the 2-layer model poorly fits the resistivity data
and has an RMS error of 16 % (Figure 4.8c; Table 4.4). This curve is an example of H-type
curves that requires the resistivity first to decrease and then increase (Zhody 1968). Hence,
it is impractical to fit a 2-layer model. The 3-layer model fit the resistivity data perfectly
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and estimated the resistivity of the second and third layers to 0.67 Ω⋅m and 3.13 Ω⋅m,
respectively, with an RMS error of 0.93 % (Figure 4.8d; Table 4.4). This low resistivity in
the 2nd layer indicates the presence of clay material. The clay material was not resolved in
the 2-layer model. Clays can dramatically decrease the resistivity (increase the
conductivity), due to a huge surface area to volume ratio that enhanced a higher Cation
Exchange Capacity (CEC) (Sill and Klein 1981). During the survey, at the base of the
calibrated rod clay particles were observed. The results from the Occam’s inversion is
much more similar to the 3-layer model, and it is highly constrained. Therefore, the 3-layer
model is superior over the 2-layer model and recommended to invert the data as a 3-layer
model in Mrazek pond. Therefore, the selection of a 2-layer and 3-layer model needs
careful interpretation of the data and the geology of the subsurface formation.
4.3.4. Comparison of Resistivity and EM models
A coincident electrical resistivity and EM sounding survey were conducted in West
Lake on June 14, 2019, to compare the accuracy and consistency of the two geophysical
methods. Both the electrical resistivity and EM methods showed a consistent result. In this
section, we compared the Dipole-dipole sounding (Figure 4.9a), EM sounding using 1 to
15 KHz frequencies (Figure 4.9b), and selected frequencies of 2, 8, and 15 KHz (Figure
4.9c). In the inverse model, the water column depth was fixed to 1.05 m measured with the
calibrated rod and a starting resistivity value of 0.36 Ω⋅m and 1.8 Ω⋅m were used for the
surface water and lake bottom resistivity. In the inverse model, the surface water resistivity
is estimated on the range 0.26 to 0.31 Ω⋅m. The slight variation in surface water resistivity
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among the YSI measured value, and the inverse models could be due calibration problem
of the YSI probe and/or the resistivity meter.
In general, the models estimated the lake bottom resistivity on the range of 1.60 to
1.89 Ω⋅m (Table 4.5). All the models are well constrained, have low RMS error, and have
a similar pattern with the Occam’s inversion. Surprisingly, both the electrical resistivity
and EM sounding using frequencies 1 to 15 KHz estimated the lake bottom resistivity to
1.6 Ω⋅m. Based on the equivalency analysis, the EM best-fit model overlapped with the
lower and upper confidence limits of the resistivity model. In addition, the EM model
using selected frequencies of 2, 8, and 15 KHz estimated the lake bottom resistivity to
1.89 Ω⋅m (Table 4.5) and suggested the EM model using the selected frequencies is a
reasonable approach to use for a rapid survey. The fact the resistivity and EM models are
similar, highly constrained, and low RMS error suggests the consistency of the two
geophysical methods and the ability to characterize the lake bottom resistivity. Besides,
the goodness of fit in the models with low RMS error alone may not explain the subsurface
formation in detail. Therefore, using different geophysical methods helps to resolve the
subsurface formation accurately.
4.4. Conclusions
A geophysical survey of electrical resistivity and EM were conducted between June to
August 2019 in the Mangrove Lakes of Everglades National Park, Florida, to develop
techniques for making repeatable measurements of the electrical conductivity (salinity) of
the groundwater. This study aims to select an efficient inversion method of 1-D constrained
and unconstrained electrical resistivity and electromagnetic inversion methods and
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compare the accuracy and consistency of the two geophysical methods. This paper
investigated four different inversion methods, namely the free model, constrained water
depth, constrained water column resistivity, and constrained water depth and resistivity
models. The models were evaluated based on the goodness of fit, RMS error, percent error
of the parameters, constraint of parameters, and similarity with Occam’s inversion. In this
study, we concluded:
1. The comparison of the modeling results from Schlumberger and Dipole-dipole data
indicated that the Dipole-dipole array provided both greater depth penetration and
better resolution than the Schlumberger array.
2. Comparing all the four inversion cases, the constrained water depth approach has
reasonable goodness of fit; the best fit obtained is similar to the Occam’s inversion;
the model is highly constrained and has a less percent error. Therefore, based on
these criteria, the constrained water depth model is selected as the best approach to
invert the resistivity data and EM data.
3. The comparison of the constrained water depth 2-layer and 3-layer resistivity and
EM models suggested, a 2-layer model is valid in West Lake and Seven Palm
system, and a 3-layer model is recommended in the Mrazek Pond.
4. The Dipole-dipole array resolves a clay sediment layer overlying on the top of
limestone bedrock
5. The compassion of the resistivity and EM models showed the consistency of two
geophysical methods and the ability to characterize the lake bottom resistivity.
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Table 4.1: DC resistivity and EM data collection dates. The electrical resistivity survey includes Dipole-dipole
(DD), Dipole-dipole reciprocal (DDR), Schlumberger array (SL), and Schlumberger array reciprocal (SL)
configuration. The EM survey includes measurements using frequency 1 to 15 KHz (EM-15), and selected
frequency of 2, 8, and 15 KHz (EM-3).
Date

Site

Resistivity
Array Type

West Lake
dock
West Lake
dock

DD, DDR, SL, SLR

DD

August 16, 2019

West Lake
System
West Lake
dock

DD

August 16, 2019

Mrazek Pond

DD

June 06, 2019
June 14, 2019
July 15, 2019

EM Frequency
(KHz)

DD

Resistivity
(Ω.m)

Depth
(m)

0.36

1.0

0.36

1.0

Several

Several

EM-3

0.42

1.2

EM-3

1.14

0.77

EM-15, EM-3

Note: The surface water resistivity and depth of the water column were measured using a YSI probe and calibrated rod.
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Table 4.2: Comparison of constrained water depth resistivity arrays in West Lake on June 06, 2019. (a)
Dipole-dipole, (b) Dipole-dipole reciprocal, (c) Schlumberger and (d) Schlumberger reciprocal array.
The range of the inverse model is based on the equivalency analysis. In the inversion, the water column
depth and resistivity was fixed to 1. 0 m and 0.36 Ω⋅m measured using the calibrated rod and YSI probe.
The lake bottom starting resistivity was 1.8 Ω⋅m.
No

Cases

Water Column

Lake Bottom

1

Dipole-dipole

Rho 1
0.26

Range
0.24-0.28

Rho 2
1.43

Range
1.25-1.69

RMS %
5.02

2

Dipole-dipole Reciprocal

0.26

0.24-0.28

1.47

1.29-1.70

4.47

3

Schlumberger

0.36

0.30-0.43

3.92

2.32-7.06

4.58

4

Schlumberger Reciprocal

0.36

0.30-0.42

4.60

2.64-9.50

4.67

Table 4.3: A comparison of resistivity constrained vs. free inversion model in Westlake dock on August
16, 2019. The bold numbers indicate the fixed value during inversion. Range, figure % Error inverted
resistivity relative to YSI and calibrated rod
No
1

Cases
Resistivity model
Free Model

Rho 1
0.43

Range
0.40-0.45

Water Column
%Error Depth Range
2.38
1.97
1.78-2.16

2

Constrained depth

0.35

0.32-0.39

16.6

3

Constrained Res

0.42

1.91

4

Constrained depth and Res

0.42

1.20

Sea Bottom
%Error Rho 2 Range
64.16
2.85
2.18-4.05

1.20
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1.81-2.03

59.16

RMS
2.80

1.44

1.18-1.85

8.18

2.71

2.12-3.74

2.85

1.15

0.98-1.38

12.18

Table 4.4: Comparison of 2-layer and 3-layer resistivity model in West Lake and
Mrazek Pond on August 16, 2019.
No

Cases

2nd - Layer

Water Column

1
2

2 and 3 layer
West Lake-2
West Lake-3

Rho 1
0.35
0.41

Range
0.32-0.49
0.39-0.43

Rho 2
1.44
0.80

Range
1.18-1.85
0.58-0.98

3

Mrazek-2

0.70

0.53-0.96

1.35

1.13-1.67

4

Mrazek-3

1.09

1.06-1.12

0.67

0.62-0.71

3rd - Layer

Depth 2

Range

Rho 3

Range

3.06

2.33-3.62

6.40

3.44-19.15

RMS %
8.18
2.26
16.5

2.21

2.07-2.37

3.13

2.85-3.50

0.93

Table 4. 5: Comparison of constrained water depth Resistivity and EM Model. The
water depth was fixed to 1. 0 m during inversion
No

Cases

Water Column

1

Model
Resistivity Model

Rho 1
0.26

Range
0.24-0.28

Depth
1.05

Rho 2
1.60

Range
1.37-1.92

RMS %
4.9

2

EM using frequencies 1 to 15 KHz

0.31

0.31-0.31

1.05

1.69

1.63-1.76

0.25

3

EM using frequencies 2, 8, and 15 KHz

0.31

0.31-0.31

1.05

1.89

1.85-1.96

0.23
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Lake Bottom

Well Data
Marine Resistivity Stations
EM Stations

Figure 4.1: Mangrove Lake region of ENP and the location of the floating
array electrical resistivity, frequency-domain electromagnetic survey, and
well stations.
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Figure 4.2: Floating electrical resistivity survey at West Lake dock,
using the AGI Supersting R1/IP resistivity imaging system.

Figure 4.3:A schematic diagram of 14 electrode Dipole-dipole electrical
resistivity array configuration with “a” spacing and expansion factor of “n”. A
and B, are the current electrode, and M and N, are the potential electrodes.

Figure 4.4: A schematic diagram of 14 electrode Schlumberger array
electrical resistivity array configuration with “a” spacing. A and B, are current
electrodes, moved outward to a greater separation throughout the array. M
and N, are potential electrodes placed at the center.
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Figure 4.5: Frequency domain EM survey at West Lake dock, using the
GSSI EMP 400 profiler on June 14, 2019.
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Figure 4.6: Comparison of constrained water depth resistivity arrays in West Lake on June 06, 2019. (a)
Dipole-dipole, (b) Dipole-dipole reciprocal, (c) Schlumberger, and (d) Schlumberger reciprocal array. The left
panel shows the observed and calculated data (lines), and the right panel shows the inverted model. In the left
panel, the square dots indicates the observed data, the purple line indicates the best fit calculated data, and the
olive color indicates Occam’s inversion. In the right-panel, the red line indicates the best fit model; the green
dashed lines indicate the equivalency analysis, and the olive line represents the Occam’s inversion model.
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Figure 4.7: A comparison of four different inversion scenario in West Lake (WL) on August 16, 2019.
(a). Free model, (b). Constrained water depth, (c). Constrained water column resistivity, and (d).
Constrained water depth and resistivity model.
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Figure 4.8: A comparison of 2 and 3-layer constrained water depth resistivity model in West Lake (a). 2-Layer (b).
3-Layer and in Mrazek Pond (c). 2-Layer and (d). 3- Layer.
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Figure 4.9: A comparison of 2-layer constrained water depth, resistivity, and EM model in West
Lake on June 14, 2019. (a). Resistivity model, (b). EM Model using frequencies 1 to 15 KHz,
(c). EM Model using selected frequencies of 2, 8, and 15 KHz
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5. Geophysical Surveys of West Lake and Seven Palm Lake drainage systems of
Everglades National Park (ENP)
Abstract
Everglades National Park (ENP) has been adversely impacted by past human
activities that altered the freshwater flow through the system. The Comprehensive
Everglades Restoration Plan (CERP) makes an effort to increase the flow of freshwater and
modify the groundwater chemistry in Everglades National Park (ENP). This study
describes the results of geophysical surveys conducted between 2016 to 2019 using
electrical resistivity and EM methods in the mangrove lakes as part of a larger hydrologic
and geochemical study in the ENP. This paper aims to estimate a formation factor and
assess the spatial and temporal changes in the groundwater chemistry in the Southern
Mangrove Lakes of ENP adjacent to Florida Bay. EM surveys were conducted from 2016
to 2017 using a multi-frequency a GSSI EMP-400 Profiler deployed in a flat bottomed
plastic kayak towed behind a small boat and a floating Dipole-Dipole electrical resistivity
survey was conducted on July 2019. Apparent conductivity calculated using the general
equation from the EM surveys were used to assess the temporal and temporal change.
Besides, the electrical resistivity data were inverted by constraining the depth of the water
column as a 2 layer model.
A formation factor was estimated by comparing the bulk resistivity measured using
the floating Dipole-Dipole array and coincident conductivity data from the wells. An
average formation factor of 10.7 is estimated with a standard deviation of 1.81. However,
this estimated formation factor is obtained from a single measurement in three Wells and
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further research is needed to determine the accuracy of the value. The results of the EM
survey showed, the apparent conductivity measurements systematically increased during
the dry season of 2016, in the Seven Palm system. The general increase in the salinity
reflects a decreased precipitation, increased evapotranspiration, and the influence of saline
water from Florida Bay on the surface and groundwater. The spatial salinity variation on
the lakes showed west to east increase in surface water salinity and a West to East decrease
in groundwater salinity. In addition, the salinity of the surface water and groundwater
increased from North to South and suggest freshening of the groundwater and may reflect
the effects of increased flow due to restoration efforts. Based on this study, the floating
electrical resistivity and EM methods can characterize the subsurface formation resistivity
effectively and recommend further study to assess the temporal change of the groundwater
chemistry.
5.1. Introduction
During the past century, the Everglades National Park (ENP) has been adversely
impacted by past human activities that have altered the flow of fresh water through the
system. Moreover, the highly permeable limestone aquifers bounded by the ocean and
brackish estuaries to the south are highly susceptible to saltwater intrusion (SWI). In the
1950s the U.S. Army Corps of Engineers developed canals, levees, and water conservation
areas for flood protection. Even though this development plan has succeeded in controlling
floods, South Florida does not receive sufficient quantity and distribution of water which
results in ecosystem degradation. In 2000, Congress authorized the Comprehensive
Everglades Restoration Plan (CERP) to restore, preserve, and protect the South Florida
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ecosystem. The CERP makes an effort to restore the quantity, quality, timing, and
distribution of water in the region. Major activities of the CERP, such as the raising of
Tamiami Trail and construction of the C-111 Spreader Canal Project are expected to
increase the flow of freshwater and modify the groundwater chemistry in the ENP.
Freshwater input to the ENP comes from direct rainfall and inflow from Lake
Okeechobee across the water conservation area (WCA) reservoirs. The two main flow
drainage inputs in ENP are the Shark River Slough (SRS) and Taylor Slough (TS). The
Mangrove Lake region receives freshwater inflow from TS. Salinity in the Florida Bay
varies in time and space and governed by the influence of precipitation, evapotranspiration,
runoff, and mass exchange with the surrounding basins (Kelble et al. 2007).
Evapotranspiration rates are high in this region and affect the freshwater input balance
negatively (Dessu et al. 2018). The author also suggests freshwater inflow is critical to
compensate for the net loss.
The degree of saltwater intrusion along the coast varies widely and is affected by the
hydroclimate variability, hydrogeological setting, history of groundwater development,
and sources of saline water within a particular area (Barlow 2003). Under natural
conditions, the seaward flow of freshwater prevents saltwater from encroaching coastal
aquifers. However, in comparison with the historical flow of freshwater, the flow of fresh
water through the Everglades has been reduced by approximately 70 %. Due to this, the
quality of the water is degraded and caused the salinity of the surface water to be between
20 to 30 PSU (McIvor et al. 1994). This reduced historical flow of freshwater input to the
Florida Bay followed by drought in South Florida between 2014 to 2015 produced
substantial die-offs of the seagrass (NPS 2015; Kelble et al. 2007).
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Geophysical methods have been developed to identify and map the lateral and
vertical distribution of shallow freshwater and saline water interface. These methods
provide powerful tools to identify the position of saline or brackish water in an aquifer
(Jansen, 2011). Electrical resistivity and electromagnetic (EM) are the most commonly
used geophysical methods to study saltwater intrusion. Conventionally, mapping of
saltwater intrusion in coastal aquifers has been conducted by collecting water samples from
wells. Even though this approach provides reliable results, it is restricted to the existing
and accessible wells. Moreover, it gives discrete information, which doesn’t represent the
overall spatial distribution of the area. As a result of this, the majority of the work depends
on interpolation and extrapolation of the data and this leads the result to become less
reliable. In addition, it is difficult to get permission to install wells in the Everglades
National Park (ENP). The difficulty to get permission to install wells in the Everglades
National Park and the advantage that the floating electrical resistivity array and EMP 400
Profiler are portable and don’t require contact with the ground make an integrated approach
of floating electrical resistivity and EM survey a better alternative to study Everglades
National Park.
Electrical resistivity and EM are rapid and noninvasive geophysical methods for
measuring groundwater properties and characterizing the spatial and temporal variability
of subsurface formations. Electrical resistivity has an advantage because the nonuniqueness of the resistivity method is less compared with other geophysical methods such
as electromagnetic methods. The electrical resistivity method is superior for imaging the
electrical resistivity structure compared to other non-invasive geophysical imaging
techniques. DC resistivity offers several advantages over EM methods because the array is
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in direct galvanic contact with the water or earth and is not affected by external magnetic
fields and nearby conducting bodies such as the boat and operator. The EM method
provides a faster alternative to DC soundings (Corriols et al. 2009) and it is possible to
record detailed information even in areas where accessibility is a major concern. But it is
sensitive to electromagnetic noise produced by metals, pipelines, etc. Therefore, the DC
resistivity sounding remains the gold standard to characterize subsurface formations.
This study investigated the spatial and temporal changes in the groundwater chemistry
in the Mangrove Lakes of ENP using electrical resistivity, EM methods, surface water, and
groundwater sampling. The EM survey was conducted from 2014 to 2017 in the Mangrove
Lakes of ENP using the GSSI EMP-400 Profiler multi-frequency EM conductivity meter
(https://www.geophysical. com/products/ profiler-emp-400) deployed in a flat-bottomed
plastic kayak towed behind a small boat integrated with a GPS receiver. In addition, an
electrical resistivity survey was conducted in July 2019 using a floating 14 electrode array
using Advanced Geosciences Inc (AGI) Super Sting R1 IP meter (https://www.agiusa.com/
supersting-wifi). Finally, groundwater specific conductivity measurements collected at
four continuously monitored shallow wells on the shorelines of the lakes were compared
to nearby inverted lake bottom resistivity to calculate a formation factor for the Lakes
region. This formation factor was used to convert the inverted formation resistivity to
groundwater resistivity and produce a regional map of groundwater salinity.
This paper aims to present the changes in surface and groundwater chemistry in
Alligator Creek (West Lake) and McCormick Creek (Seven Palm) using EM surveys
conducted during the dry season of 2016 and the seasonal change between 2016 to 2017.
In addition, this paper presents the spatial change in surface and groundwater chemistry
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using the floating Dipole-dipole electrical resistivity survey conducted in July 2029 and
produced a regional map of groundwater salinity.
5.2. Previous Studies
Different studies showed that the application of a combination of DC resistivity and
EM methods provide detailed information about the sub-surface formations. Integrated
approaches of EM, electrical resistivity, and well data are the most effective technique to
estimate a formation factor (Greenwood et al. 2006), which used to produce a regional map
of groundwater salinity. The formation factor can be determined by coincident
measurements of groundwater and formation conductivity or from empirical relationships
such as Archie’s Law (Archie 1942). Greenwood et al. (2006) conducted an integrated
approach of EM and electrical resistivity on the wetland of Tampa Bay, Florida, and
suggested that an effective technique to map pore water conductivities is to compute
formation factor from resistivity surveys and pore water samples.
The study conducted by Fitterman and Prinos (2011) estimated a formation factor
of 5.1 by comparing EM induction logs and water samples from wells in eastern MiamiDade County. Similarly, in other studies, Fitterman et al. (1999) estimated a formation
factor of 8.1 in Everglades National Park using similar methods and Tucker (2013)
estimated a formation factor of 9.8 for Big Pine Key using ERT and water samples from
wells. Formation factor depends on several parameters such as porosity, the degree of
saturation, cementation, and pore fluid resistivity and heterogeneity.
Integrated approaches of electromagnetic using a floating EM‐34 and EM‐
31instruments from Geonics Ltd and direct current resistivity were applied in the coastal
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wetland on Tampa Bay, Florida (Greenwood et al. 2006). The authors mentioned the results
obtained using EM-31 estimated a reasonable seabed conductivity. In another study,
Mansoor et al. (2006) used a terrain-conductivity EM-31 in shallow water wetlands of
Kearny Marsh, New Jersey, and characterized contamination of leachates from adjacent
landfills to the marsh and/or residual effect of a past tidal connection. EM methods have
been used for imaging saltwater intrusion in coastal aquifers, seaside groundwater basin,
California (Nenna et al. 2013) and also used EMP 400 profiler to characterize the chemical
properties of soil in Sidrolandia, MS, Brazil (Machad et al. 2015).
Several studies have been conducted in the ENP to assess the freshwater and
saltwater interaction. A study conducted in the southern ENP (Fitterman and Deszcs-Pan
1998) aimed to assess saltwater intrusion and prepared a subsurface resistivity map using
airborne frequency-domain electromagnetic (FDEM) method and borehole geophysical
measurements. They concluded that EM methods are effective and provided a baseline for
further detailed study (Fitterman and Deszcs-Pan 1998). In 2011, a time-domain
electromagnetic (TDEM) method was conducted in Miami Dade county and delineated the
freshwater and saltwater interface (Fitterman and Prinos 2011; Fitterman 2014). Recently,
ongoing studies of hydrochemical conditions (Allen et al. 2016) and electromagnetic
survey (Whitman et al. 2016; Kiflai et al. 2017) in mangrove Lake drainage systems of
ENP showed the conductivity (salinity) of the surface water and groundwater increased
during the dry season (February to April 2016) and decreased between 2016 to 2017. The
limitation of the study is the EMP 400 instrument has a calibration problem and made it
difficult to characterize the groundwater and surface water conductivity quantitatively.
Hence, a qualitative description of the EM survey is provided in this study.
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5.3. Data and Methods of Analysis
5.3.1. Data Collection
A GSSI Profiler EMP-400 multi-frequency EM conductivity meter was deployed
in a flat-bottomed plastic kayak towed behind a small boat (Figure 5.2). The instrument is
calibrated at the GSSI factory by suspending it well above the ground and zeroing the field
values. In addition, before data acquisition, field calibration was performed on-site. This
field calibration procedure removes any electromagnetic effects of the operator and other
equipment in the surrounding area. The EM data were recorded at frequencies of 1, 4, and
16 KHz, and the coils were oriented in vertical dipole moment (VDM) with a sample
interval of 2-seconds. The electromagnetic survey was conducted in West Lake and Seven
Palm from August 2013 to February 2017 (Figure 5.1a). Overall, in the Mangrove Lake
region, nine surveys have been performed successfully along the transect line (Table 5.1).
The field survey dates were planned to assess the seasonal variability in conductivity
between the wet and dry season. Coincident EM and DC resistivity measurements were
planned, however, due to the failure of the EM instrument due to calibration, we were
unable to collect data (Table 5.1).
A floating Dipole-dipole 14 electrode vertical electrical sounding (VES) array was
deployed by boat in the Seven Palm and West Lake systems on July 10 and 15, 2019 in the
mangrove lakes of ENP (Figure 5.1b). In the Dipole-dipole array, 48 measurements were
recorded, with 1-meter and 2-meter dipole length. Thirty-two measurements were recorded
with 1-meter dipole length at a spacing ranging from 1 to 11 m. and 16 measurements were
recorded with 2-meter dipole length at a spacing of 2, 4, 6, and 8 m. However, the 16
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measurements recorded with 2-meter dipole length were not modeled because the software
only supports inverting data measured at one dipole length. The measurements included
reciprocal measurements where the current and potential electrode pairs are exchanged.
These reciprocal measurements provide redundancy and the ability to estimate
measurement uncertainty. Foam noodles were used between the electrodes in order to float
the array In the analysis, the average value of the measurements with 1-meter dipole length
and its reciprocal were used.
In West Lake, Cuthbert Lake, Long Lake, and Seven Palm Lake Aqua Troll 200
data logger monitoring wells were installed in 2014 (Allen and Price, 2015; Figure 5.1), In
the monitoring wells, the depth of the water level, temperature and specific conductivity of
the surface water and groundwater were recorded. Coincident conductivity measurement
recorded in the Wells and the floating Dipole-dipole electrical resistivity array in July 2019
were used to estimate the formation factor. During the EM survey, at different localities
and different intervals of time, the surface water conductivity, temperature, Ph, and salinity
were recorded with the help of a water quality YSI probe. These field measurements were
repeated at the electrical resistivity measurement sites and listed in Appendix 5A. In
addition to that, the depth of the water was measured using a sonar transducer and a
calibrated rod during the EM survey, and the depth of the water column was measured
using a calibrated rod during the electrical resistivity survey.
5.3.2. Data Analysis
In FDEM methods, the data of interest is in the in‐phase (real), and quadrature
(imaginary) field ratio components. Apparent conductivity was calculated using the
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quadrature component. from the general equation given by (Keller and Frischknecht 1966;
McNeill 1980) for a homogeneous half-space model. The calculated apparent conductivity
is used to assess the spatial and temporal change during the dry season of 2016 and the
change between 2016 to 2017 in the Mangrove Lakes. The apparent conductivity change
map between 2016 to 2017 is produced by spatially joining the EM data to the nearest
location. The depth penetration of the data is related to the input frequency. The higher
frequencies (e.g. 16 KHz) have shallow penetration and represent the conductivity of the
surface water. The lower frequency (e.g. 4 and 1 KHz) data have deeper penetration and
reflect an average of the conductivity of the surface water and groundwater.
The choppy water pitches and rolls the instrument and this produces noise in the
EM data. First, the outliers in the data greater than three standard deviations along 1 KHz,
4 KHz, and 16 KHz were removed. Then, a moving average convolution filtering technique
was applied to smooth the data using the nearest 100 data. For example, Figure 5.3,
represents an example of the data reduction and smoothing in Seven Palm System in April
2016. The data reduction and smoothing for all the dataset is summarized in Table 5.2.
The EM data were inverted into a two-layer model that represents the surface water
and lake bottom (groundwater saturated) layer. The water depth values were obtained by
regression analysis of the continuously measured water depth using a sonar transducer and
a calibrated rod. The water depth measured using the calibrated rod and the surface water
conductivity measured using the water quality YSI probe were take at several locations
along the profile line. The conductivity of the surface water measured using the YSI probe
was interpolated using kriging interpolation techniques in GIS. Then, the conductivity of
the surface water was extracted along the EM profile line. The inverted EM model is higher
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than the measured data in the Wells, which may be due to the static shift of the EM
instrument during calibration. Hence, a qualitative description of the apparent conductivity
is presented in this study.
The VES data were inverted to a two-layer model by constraining the depth and
resistivity of the water column measured with a calibrated rod and YSI probe in IX1D V3
software (http://www.inter pex.com/ix1dv3/ix1dv3.htm). Thus, the VES data is inverted
only for the seabed conductivity (lake bottom). In the Seven Palm system, on July 10, 2019,
high winds caused considerable chop in the water which made work difficult and required
modification of the float system for the cable. Due to the poor field conditions, the data
collected was noisy and thus specific outlier measurements associated with the larger
spacing (n = 10 and 11) were masked. In the inversion, the average value of the
measurements and its reciprocal were used. Water depth in the model was constrained to a
rod measurement at the array center, but the water layer and lake bottom layer resistivity
were left unconstrained in the inversion. See the discussion in Chapter Four of this
dissertation for details about constrained water depth inversion. Finally, the inverted
resistivity was converted to salinity using the general equation given by (Wagner 2006).
In the Mangrove Lakes, the formation factor is estimated using the bulk resistivity
measured by the floating Dipole-dipole array and coincident conductivity data measured
using Aqua troll 200 transducers in the wells. From these Wells, the Dipole-dipole
sounding data recorded at a distance of 68 m in West Lake, 41 m in Seven Palm, 48 m in
Cuthbert Lake, and 807 m in Long Lake were used to calculate the formation factor. The
average conductivity (µS/cm) measurement in the wells of in the day was converted to
resistivity, where the resistivity (Ω⋅m) = 10000/ Conductivity water (µS/cm). Then, the
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formation factor was calculated from the average value of the ratio of bulk resistivity
modeled from the geophysical data and the pore water resistivity measured in the shallow
groundwater wells. This estimated formation factor was used to produce a regional map of
groundwater salinity.
5.4. Results
5.4.1. Electromagnetism
The EM data were recorded at frequencies of 1, 4, and 16 KHz. The depth
penetration of the data is related to the input frequency. The higher frequencies (e.g. 16
KHz) represent the conductivity of the surface water and the lower frequency (e.g. 4 and 1
KHz) reflects an average of the conductivity of the surface water and groundwater. In this
section, we present apparent conductivity changes during the 2016 dry season in Seven
Palm and changes between 2016 and 2017 in West Lake and Seven Palm systems.
I.

Changes during the 2016 Dry Season in the Seven Palm system
In the Seven Palm system at monthly intervals during the 2016 dry season, the

apparent conductivity measurements systematically increase from February to April, 2016
(Figure 5.4). The 1 KHz apparent conductivity ranged from 800 mS/m at the northern end
of Seven Palm Lake to 1400 mS/m in the southern end in February 2016, whereas in April
2016 it ranged from 930 to 2150 mS/m. Similarly, the apparent conductivity along 4 KHz
range from 900 to 1500 mS/m in February 2016 to a range of 1000 to 2800 mS/m in April
2016 (Figure 5.4). This showed the apparent conductivities increased from north to south
at all frequencies. In addition, for example, in northwest Seven Palm Lake, the 1 KHz
apparent conductivities increase from around 800 mS/m in February to around 1070 mS/m
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in March to over 1100 mS/m in April. In Middle Lake, the apparent conductivities
increased from around 1500 mS/m in February to 1700 mS/m in March to over 1800 mS/m
in April. In Monroe Lake, it increased from around 2300 mS/m in March to over 2500 in
April.
The apparent conductivity of the 16 KHz data varies from 1100 to 2000 mS/m in
February 2016 and from 1200 to 2400 mS/m in March 2016 and from 1400 to 3200 mS/m
in April 2016 from North to South along the profile line. This is consistent with the increase
in conductivity and salinity measured in the surface probe measurements (Figure 5.7). This
indicates a general increase in apparent conductivities (salinity) in the surface water over
the dry season and from North to South along the profile line.
II.

Changes between 2016 and 2017 in the Mangrove Lakes
The EM data shows a considerable decrease in apparent conductivity between

February 2016 and January 2017 in both the Seven Palm and West Lake system. In
McCormick Creek, the apparent conductivity showed a constant decrease of 150 mS/m in
the Seven Palm system and 300 mS/m in the Middle lake (Figure 5.5). In the McCormick
Creek system, the 1 KHz apparent conductivity ranged from 800 mS/m at the northern end
of Seven Palm Lake to 1400 mS/m in southern end in February 2016, (Figure 5.5a) whereas
in January 2017 it ranged from 740 to 1200 mS/m (Figure 5.5b). Similarly, the apparent
conductivity along 4 KHz range from 870 to 4000 mS/m in 2016 (Figure 5.6a) to a range
of 800 to 2400 mS/m in 2017 (Figure 5.6b).
The EM results show the same trend in the Alligator Creek System. The apparent
conductivity of the 1 KHz data decreases from a range of 1200 to 1700 mS/m in 2016 to
950 to 1850 mS/m in 2017 (Figure 5.5). In addition to that, the result along 4 KHz and 16

145

KHz dropped from 1600 mS/m to 1500 mS/m and from 1800 mS/m to 1600 mS/m
respectively (Figure 5.6 and Figure 5.7). In the West Lake system in January 2016, the
highest apparent conductivities (2000 mS/m) were seen at the eastern end of the Long Lake
and southern West Lake with the lowest conductivities in northern Cuthbert Lake.
The apparent conductivity change between 2016 to 2017 in the Seven Palm system
is more significant than the West Lake system. The apparent conductivity change between
2017 to 2016, at all frequencies, decreased on average 30 % in the Seven Palm system and
10 % in the West Lake system (Figure 5.8). In Seven Palm, the apparent conductivity
change decreased 20 % at the northern end of Seven Palm Lake near the well to 30 % in
the southern end and clearly showed the trend from North to South. However, at the
northern tip of Seven Palm, there is an increase of 30 to 40 %. Similarly, in the West Lake
system, there is a gradual change from North to South and a significant change of 30 %
observed on the northern tip of Long Lake. In addition, the apparent conductivity change
of the surface water is significant compared to the groundwater. For example, near the well
at 1 KHz, 4 KHz, and 16 KHz, the apparent conductivity change decreased by 18 %, 21 %,
and 26 % respectively. In general, in the Mangrove Lakes, the decrease in apparent
conductivity change is pronounced from West to East at all frequencies.
5.4.2. Electrical Resistivity
The resistivity data collected on July 10, 2019, in Seven Palm and on July 15, 2019,
in West Lake were inverted to 2-layer constrained water depth model. The inverse model
of each VES is presented in Appendix 5A. In this section, we focus on the spatial change
in groundwater and surface water. The resistivity of the surface water measured using the
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YSI probe and the inverted models showed a similar result. The resistivity varies between
0.37 Ω⋅m on the West to 0.27 Ω⋅m on the East. In the Seven Palm system, the resistivity
varies from 0.27 Ω⋅m on the North to 0.17 Ω⋅m on the South (Figure 5.10a). Similarly, the
inverted surface water resistivity varies between 0.29 Ω⋅m on the West to 0.22 Ω⋅m on the
East. In the Seven Palm system, the resistivity varies from 0.23 Ω⋅m on the North to 0.16
Ω⋅m on the South (Figure 5.10b). Generally, the data showed west to east and north to
south decrease in surface water resistivity.
The Lake bottom resistivity varies between 1.69 Ω⋅m on the West to 32. 85 Ω⋅m
on the East. In the Seven Palm system, the resistivity is 32.85 Ω⋅m in the north and
decreases gradually towards south to 1. 5 Ω⋅m (Figure 5.10c). The lake bottom resistivity
generally showed a West to East increase in resistivity and north to South decrease in
resistivity.
In the inverse model, the minimum and maximum lake bottom resistivity varied
between 1.4 Ω⋅m to 3.7 Ω⋅m in Westlake and between 1.4 Ω⋅m to 32.8 Ω⋅m in Seven Palm.
Based on equivalency analysis, in West Lake, the model showed a highly constrained
model with the lower and upper limit between 1.1 Ω⋅m to 4.9 Ω⋅m (Figure 5.11), whereas
in Seven Palm the model showed poorly constrained model with the lower and upper limit
between 1.4 Ω⋅m to 362 Ω⋅m (Figure 5.11). This model is poorly constrained mainly on
the upper bound. The lower and upper limits in West Lake are highly constrained compared
with Seven Palm System (Figure 5.11). This uncertainty on the upper bound could be due
to measurement errors induced by boat navigation, wind, or wave action.
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5.4.3. Salinity
A formation factor in the Lakes is estimated by dividing the groundwater resistivity
(𝜌𝑤 ) measured in the shallow groundwater wells into the lake bottom resistivity (𝜌𝑓 )
modeled from the geophysical data. In this study, the data collected on July 15, 2019, in
the West Lake system was used to calculate a formation factor for the mangrove Lakes. An
average formation factor in the Mangrove Lakes is estimated 10.7 with a standard deviation
of 1.81. This estimated formation factor is calculated from the average formation factor of
West Lake, Long Lake, and Cuthbert Lake (Table 5.3). The formation factor of Seven Palm
was not considered in the calculation as the resistivity of the model was poorly constrained
due to the noise in the data. This estimated formation factor (10.7) is slightly higher to
previously published estimates for the ENP (Fitterman et al. 1999).
The surface water salinity measured using the YSI probe varies from 15 PSU in the
West to 21 PSU in the East (Figure 5.12a). In the Seven Palm system, the salinity varies
from 21 PSU in the North to 33 PSU in the South. The inverted surface water salinity has
the same trend and increased from 19 PSU to 27 PSU from West to East and from 27 PSU
to 35 PSU from North to South (Figure 5.12b). In contrast, the inverted groundwater
salinity decreased from 42 PSU in the West to 2 PSU in the East. In the Seven Palm system,
the salinity increased from 2 PSU in the North to 49 PSU in the South (Figure 5.12c). The
data showed west to east increase in surface water salinity and a West to East decrease in
groundwater salinity.
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5.5. Discussion
In the Everglades, precipitation and evapotranspiration varies seasonally and affects
the southward flow of freshwater input in the aquifer. A study conducted in the Florida
bay, between 1998 to 2004, by Kelble et al. (2007) showed the surface water mean monthly
salinity was minimum in January and maximum in July. The author mentioned the seasonal
salinity patterns in Florida Bay are directly related to the seasonal climatic variability. In
the study area, at the NCL station, between February to April 2016, the daily median water
level data decreased from 0.6 feet to less than 0 feet NAVD88 and the total daily
evapotranspiration increased from 1 mm to 5 mm (Figure 5.9). During this dry season of
2016, the EM result indicates that the apparent conductivity increased in the Seven Palm
system. This change is in response to decreased precipitation, increased evapotranspiration,
and southward flow and reflects a general increase in apparent conductivities (salinity) in
the surface water and groundwater over the dry season.
In the Florida bay, a study conducted between 2017 to 2016 documented, the surface
water salinities were notably lower in 2017 than in 2016 (Madden et al. 2018). The authors
suggested the historic drought occurred in 2015, associated with high temperature and low
rainfall event recorded in 2016 caused lower freshwater inputs than average into the bay.
However, the salinity decreased in October 2016, due to high rainfall event recorded in
August 2016 (Figure 5.9) and freshwater inputs into the bay. In this study, the EM result
shows a considerable decrease in apparent conductivity between February 2016 and
January 2017 in both the Seven Palm and West Lake system. In the Seven Palm system,
the apparent conductivity (salinity) decreased from north to south at all frequencies. These
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changes suggest a freshening of the surface water and groundwater and may reflect the
effects of increased flow due to restoration efforts.
Between 2017 to 2016, the apparent conductivity change decreased on average 30 %
in the Seven Palm system and 10 % in the West Lake system. These apparent conductivity
change at all frequencies (surface and ground water), suggests the restoration efforts may
have made a positive contribution in the Seven Palm system but not yet in the West Lake
system. The fact that the Seven Palm system is close to the Taylor Slough, the change
observed can be a reflection of the C-111 spreader canal western project that reduce water
loss from Taylor Slough and increase freshwater flow to the Lake and Florida Bay.
Furthermore, the apparent conductivity change of the surface water (16 KHz) is significant
compared to the groundwater (1 KHz). This indicates the surface water apparent
conductivity (salinity) is more temporally variable than the groundwater apparent
conductivity (salinity). This shows that surface water salinity in south Florida is highly
dependent on the climatic variability.
Some limitation of the EM study was for a portion of the EM measurements at
coincident locations, certain measurement were different. This difference could be due to
instrument drift, the operator changing position during the survey that affects the position
of the coils, and the calibration problem after Bluetooth connection failure, which caused
a new calibration in different environmental settings.
For the electrical resistivity soundings collected in 2019, the resistivity of the surface
water measured using the YSI probe (Figure 5.10a) was generally consistent with the
inverted models (Figure 5.10b). This indicates that the modeling technique is wellcalibrated and that the inverted lake water resistivity accurately represents the actual
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conditions. The regional pattern shows a general East to West and a South to North increase
in resistivity consistent with a general freshening of the lake water in those directions. In
contrast, lake bottom resistivity shows an East to West decrease in resistivity which
suggests that the groundwater increases in salinity in that direction (Figure 5.10c). These
results suggest the floating electrical resistivity array can map the resistivity of the
subsurface formation effectively.
When the modeled resistivity is converted to salinity, the surface water salinity showed
a general increase from north to south and from west to east (Figure 12a and 12 b). In
contrast, the groundwater salinity decreased from west to east and increased from north to
south (Figure 12c). In the Everglades Lakes, surface water salinity is driven by seasonally
variable winds and evaporation whereas groundwater salinity is less temporally variable
and reflects regional groundwater flow. A study conducted in two small estuaries in Cape
Cod, USA indicates a large variation in salinity due to the influence of strong wind (Geyer
1996). The study demonstrated onshore winds reduce the flushing rate and increase the
salinity gradient along the estuary. In contrast, offshore winds enhance surface outflow and
decrease the salinity gradient (Geyer 1996).
In West Lake, the less saline surface water overlies over the more saline groundwater.
In contrast, the more saline surface water overlies the less saline groundwater in Seven
Palm Lake. This inverted salinity profile in Seven Palm Lake is gravitationally unstable
and likely has a profound effect on recharge and discharge mechanisms to and from the
aquifer.
An average formation factor in the Mangrove Lakes is estimated 10.7 with a standard
deviation of 1.81. The previously conducted work estimated a formation factor 5.1 in
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eastern Miami-Dade County (Fitterman and Prinos 2011), 8.1 in eastern Everglades
National Park (Fitterman et al. 1999), 9.6 in southern Everglades National Park (Fitterman
and Deszcz-Pan 1998), and 9.8 in Big Pine Key (Tucker 2013). The estimated formation
factor 10.7 in this study is slightly higher to previously published estimates for the ENP.
In the mangrove Lakes, the shallow wells only extended to the base of the peat layer and
did not penetrate the underlying limestone. This method assumes that the groundwater
sampled from the wells is derived from the underlying limestone. The estimated formation
factor is obtained from three measurements in the nearby Wells. Hence, repeated
measurements are required to determine the accuracy of the estimated formation factor
value. We used the estimated formation factor 10.7 on this study to calculate the salinity
of the groundwater. This approach has the advantage of forcing the geophysics derived
salinities to be consistent with the in-situ well measurements.
5.6. Conclusions
The Geophysical methods can map the difference in conductivities (salinity) of a
subsurface formation effectively. The results of the EM survey shows the apparent
conductivity measurements systematically increased from February to April 2016, in the
Seven Palm system. This demonstrates how the salinity of the groundwater changes during
the dry season. The general increase in the salinity reflects a decreased precipitation,
increased evapotranspiration, and the influence of saline water from Florida Bay on the
surface and groundwater. The apparent conductivity showed a considerable decrease
between February 2016 and January 2017 in both the West Lake and Seven Palm system.
These changes suggest a freshening of the groundwater and may reflect the effects of
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increased flow due to restoration efforts. Furthermore, the apparent conductivity change
between 2016 to 2017, is more pronounced in Seven Palm than the West Lake system. This
suggests the restoration efforts may have made a positive contribution to the Seven Palm
system but not yet in the West Lake system.
The floating resistivity survey efficiently characterizes the spatial variations in surface
water groundwater salinity. In general, both the surface water and the groundwater increase
in salinity from North to South. In contrast, the surface water salinity increased from West
to East while the groundwater salinity decreased from West to East. We estimated a
formation factor of 10.7 for the mangrove Lakes of ENP. This estimated formation factor
is slightly higher from the average regional formation factor of 8.1 estimated in other
studies. The fact that the formation factor is obtained from a single measurement may limit
the finding of the salinity value in the mangrove lakes. Hence, a further research study is
needed to determine the accuracy of the estimated formation factor. Another limitation of
this study could be the groundwater wells are situated approximately (1 m) deep and may
not represent the deeper groundwater.
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Table 5.1: This table shows the EM Survey dates where data was collected (✓).

Year

2013

2014

2016

Month

Aug

May

Jan

West Lake

✓

✓

✓

Seven Palm

✓

Feb

2017

Mar

Apr

Jan

Feb
✓

✓

✓

✓

✓

Table 5.2: Data reduction and smoothing: Column (1) represents the sample
number, EM data less than 3 standard deviations, and the second filter of EM
data less than 3 standard deviations and smoothing 100 consequent samples.

No

1
2
3
4
5
6

Date

EM
EM Data
Observed
< 3 std
Data
EM_021017_WL
6248
6176
EM_012516_WL
8923
8899
EM_012017_SP
5709
5709
EM_022016_SP
4012
4010
EM_031716_SP
6380
6357
EM_040616_SP
4710
4659
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EM Data < 3 std
and Convolution

Data
Removed

6077
8872
5709
3998
6346
4555

171
51
0
14
34
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Table 5.3: Formation factor in the Mangrove Lakes of Everglades national park

Well Data
Distance
Site

Geophysical Model

𝑭ormation

Surface
water

Ground
water
𝝆𝒘

Surface
water

Lake
bottom
𝝆𝒇

Factor
𝝆𝒇
𝐹=
𝝆𝒘

Date

from well (m)

West Lake

7/15/2019

68

0.32

0.26

0.29

3.23

12.6

Long Lake

7/15/2019

807

0.19

0.20

0.14

2.11

10.6

Cuthbert Lake

7/15/2019

48

0.28

0.31

0.27

2.77

9.0

Seven Palm

7/10/2019

41

0.23

1.12

0.22

32.85

29.41
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NCL station

Figure 5.1: Mangrove Lake region of ENP and the location of the
well stations, and geophysical survey (a) EM surveys (b) floating
electrical resistivity soundings. The blue pin showing location of the
NCL gage station.
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Figure 5.2: EM Experimental set up in Seven Palm Lake, Everglades
National Park, FL.
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Figure 5.3: EM data reduction and smoothing in Seven Palm System
on April 06, 2019.
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Figure 5.4: Map of apparent conductivities at 1, 4, and 16 KHz in 2016 in
Seven Palm System, Middle Lake, and Monroe Lake. The 1 and 4 KHz
data represents the average surface water and lake bottom conductivity
and the 16 KHz data represents the surface water conductivity.
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Figure 5.5: Map of apparent conductivities at 1 KHz in West Lake and Seven
Palm system. In West Lake, the data was collected on January 25, 2016, and
February 10, 2017. In Seven Palm, the data was collected on February 06, 2016,
and January 20, 2017.
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Figure 5.6: Map of apparent conductivities at 4 KHz in West Lake and Seven Palm
system. In West Lake the data was collected on January 25, 2016 and February 10,
2017. In Seven Palm the data was collected in February 06, 2016 and January 20,
2017.
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Figure 5.7: Map of apparent conductivities at 16 KHz in West Lake and Seven
Palm system. In West Lake, the data was collected on January 25, 2016, and
February 10, 2017. In Seven Palm, the data was collected on February 06, 2016,
and January 20, 2017.
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Figure 5.8: Apparent conductivity percent change between 2017 to 2016 in
West Lake and Seven Palm System
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Figure 5.9: Water level, Rainfall and Evapotranspiration data between January
2015 to December 2017, at the NCL gage station, Everglades National Park.
The red rectangle indicates the EM Survey period in 2016 and 2017. The data
is found from the Everglades Depth Estimation Network (EDEN), USGS
website http://sofia.usgs.gov/eden/station.php
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Figure 5.10: Resistivity in West Lake and Seven Palm. (a). surface water
using YSI Probe. (b). Surface water from the Inverse model c. Lake bottom
Resistivity from the Inverse model.
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Figure 5.11: Inverted resistivity model with the lower and upper
acceptable limits of equivalence analysis. West Lake system is located
between 515000 to 525000 m and the Seven Palm system is located
between 525000 to 530000 m.
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Figure 5.12: Salinity in West Lake and Seven Palm. (a). surface water using
YSI Probe (b). surface water from the Inverse model (c). Groundwater from
the Inverse model
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Appendices
Appendix 3A
Vertical Sounding Curve along Profile B1 in January 2018: The Occam’s Inverted
model has a characteristic of K-Type curves. The location from the ERT starting
point at a. 27 m, b. 55 m, c. 83 m, d. 111 m, e. 139 m, f. 167 m, and g. 195m.
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Vertical sounding curve along Profile B1 in December 2018: The Occam’s
Inverted model has an inclination to Q-Type. The location from the ERT starting
point at a. 27 m, b. 55 m, c. 83 m, d. 111 m, e. 139 m, f. 167 m, and g. 195m.
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Appendix 4A
A comparison of four different inversion scenario in West Lake (WL) on July
15, 2019. WL#1 (a). Free model, (b). Constrained water depth, (c).
Constrained water column resistivity, and (d). Constrained water depth and
resistivity model. WL#2 (e). Free model, (f).Constrained water depth, (g).
Constrained water column resistivity, and (h). Constrained water depth and
resistivity model. WL#3 (I). Free model, and (j). Constrained water depth.
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A comparison of four different inversion scenario in West
Constrained water column resistivity, and (b). Constrained
resistivity model. WL#4 (c). Free model, (d). Constrained
Constrained water column resistivity, and (f). Constrained
resistivity model. WL#5 (g). Free model, (h). Constrained
Constrained water column resistivity, and (j). Constrained
resistivity model.
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A comparison of four different inversion scenario in West Lake. WL#6 (a). Free
model, (b). Constrained water depth, (c). Constrained water column resistivity, and
(d). Constrained water depth and resistivity model. WL#7 (e). Free model, (f).
Constrained water depth, (g). Constrained water column resistivity, and (h).
Constrained water depth and resistivity model. WL#8 (I). Free model, and (j).
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A comparison of four different inversion scenario in West Lake. WL#8 (a).
Constrained water column resistivity, and (b). Constrained water depth and
resistivity model. WL#9 (c). Free model, (d). Constrained water depth, (e).
Constrained water column resistivity, and (f). Constrained water depth and
resistivity model. WL#10 (g). Free model, (h). Constrained water depth, (I).
Constrained water column resistivity, and (j). Constrained water depth and
resistivity model.
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Field data measurements in the West Lake, the Seven palms, and the Mrazek Pond
Site
Name
WL dock
WL dock
SP01
SP02
SP03
SP04
SP05
SP06
SP07
SP08
WL01
WL02
WL03
WL04
CL05
CL06
CL07
LL08
LL09
WL10
WL dock
Mrazek
Pond

Date
6/06/2019
6/14/2019
7/10/2019
7/10/2019
7/10/2019
7/10/2019
7/10/2019
7/10/2019
7/10/2019
7/10/2019
7/15/2019
7/15/2019
7/15/2019
7/15/2019
7/15/2019
7/15/2019
7/15/2019
7/15/2019
7/15/2019
7/15/2019
8/16/2019

Easting Northing Azimuth
(m)
(m)
(ᴼ)
515096.3 2788680
N/A
515096.3 2788680
N/A
527113.1 2787601
130
526371.3 2787435
130
525537 2786428
140
527004.7 2786421
130
527442.5 2786651
130
528629 2786166
160
528350.6 2785200
140
528193.2 2784181
140
515034.8 2788703
140
515477.5 2788047
140
516843.4 2788143
132
518065.7 2788636
132
522450 2787876
150
522910 2788672
150
523895.6 2788461
150
522771.6 2785938
145
521414.4 2786542
123
518035.5 2787114
105
515096.3 2788680
N/A

8/17/2019

5150639

2785738

N/A

Depth
1 (m)
0.89
1
1.08
1.5
1.2
1.49
1.64
1.22
1.6
1.2
1.05
1.45
1.56
13.5
1.4
1.44
1.2
1.05
0.85
1.39
1.29

Depth
7 (m)
1
1
1.07
1.5
1.23
1.5
1.64
1.22
1.6
1.2
1.05
1.5
1.59
1.3
1.4
1.44
1.22
1.05
0.9
1.4
1.2

Depth
14 (m)
1.05
1
1.12
1.5
1.22
1.48
1.6
1.35
1.6
1.25
1.1
1.5
1.52
1.3
1.4
1.4
1.28
1.1
0.9
1.43
1.31

0.8

0.77

0.87
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Salinity Temperature
(PSU)
(ᴼC)
14.75
30.6
14.9
29.6
21.1
30.6
24.3
30.6
24.5
31.3
25.2
31.4
25.9
31
26.5
31.8
27.3
31.3
32.8
33.3
14.8
31.1
15.8
30.7
16.2
30.6
16.6
33.1
20.1
30.4
19.7
31.6
19.6
32
38.4
34.3
33.5
33
17.1
32.6
12.9
30.1
4.4

30.4

Conductivity Resistivity
(µS/cm)
(ohm.m)
27077
0.36
26793
0.37
37430
0.27
42544
0.24
43454
0.23
44667
0.22
45373
0.22
47050
0.21
47846
0.21
58499
0.17
27338
0.37
28796
0.35
29545
0.34
31590
0.32
36322
0.28
35925
0.28
35940
0.28
68458
0.15
59195
0.17
32035
0.31
23710
0.42
8732

1.14

A comparison of the constrained and unconstrained free inversion models in Westlake on July 15, 2019. The
bold numbers indicate the value was fixed during inversion.
No

Inverse Model Cases

1

2

3

4

Water Column

Sea Bottom

Rho 1

Range

% Error

Depth

Range

% Error

Rho 2

Range

RMS

Free Model

0.35

0.33-0.37

2.78

1.54

1.41-1.68

-46.67

2.63

2.18-3.36

2.38

Constrained depth

0.29

0.27-0.31

19.44

1.05

1.69

1.41-2.15

6.12

Constrained resistivity

0.36

1.64

2.86

2.27-3.86

2.78

Constrained depth and resistivity

0.36

1.05

1.19

0.99-1.42

13.45

Free Model

0.35

0.35-0.36

0

1.74

2.12

1.94-2.33

1.03

Constrained depth

0.33

0.32-0.34

5.71

1.50

1.68

1.52-1.89

2.7

Constrained resistivity

0.35

1.71

2.07

1.89-2.26

1.12

Constrained depth and resistivity

0.35

1.50

1.50

1.37-1.65

3.78

Free Model

0.35

0.33-0.36

-2.94

1.79

4.15

3.16-6.57

2.11

Constrained depth

0.33

0.32-0.34

2.94

1.59

2.84

2.33-3.68

3.12

Constrained resistivity

0.34

1.73

3.83

2.89-5.69

2.29

Constrained depth and resistivity

0.34

1.59

2.46

2.15-2.90

3.64

Free Model

0.32

0.32-0.33

-3.23

1.59

6.38

5.13-9.12

1.11

Constrained depth

0.29

0.28-0.30

6.45

1.30

3.23

2.47-4.63

4.04
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1.56-1.73

1.68-1.81

1.66-1.75

1.67-1.91

1.66-1.80

1.54-1.64

-56.19

16.00

-14.00

-12.58

-8.81

-22.31

5

6

7

8

Constrained resistivity

0.31

1.50

Constrained depth and resistivity

0.31

1.30

Free Model

0.28

0.26-0.29

0

1.46

Constrained depth

0.27

0.26-0.28

3.57

1.40

Constrained resistivity

0.28

1.48

Constrained depth and resistivity

0.28

1.40

Free Model

0.28

0.27-0.29

0

1.59

Constrained depth

0.27

0.26-0.28

3.57

1.44

Constrained resistivity

0.28

1.55

Constrained depth and resistivity

0.28

1.44

Free Model

0.25

0.23-0.26

10.71

1.12

Constrained depth

0.26

0.26-0.27

7.14

1.22

Constrained resistivity

0.28

1.28

Constrained depth and resistivity

0.28

1.22

Free Model

0.15

0.14-0.16

0

1.05

Constrained depth

0.15

0.15-0.15

0

1.05

Constrained resistivity

0.15

1.06

Constrained depth and resistivity

0.15

1.05
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1.45-1.54

1.36-1.56

1.43-1.53

1.48-1.69

1.49-1.60

1.02-1.21

1.22-1.35

0.95-1.11

1.04-1.09

-15.38

-4.29

-5.71

-10.42

-7.62

8.20

-4.92

0

-0.95

5.51

4.08-8.17

1.79

2.40

2.00-2.94

5.62

3.48

2.75-4.81

2.08

3.14

2.66-3.91

2.22

3.56

2.83-4.91

2.10

2.65

2.36-3.07

2.91

3.68

2.83-5.47

2.05

2.77

2.27-3.53

2.75

3.51

2.72-4.90

2.13

2.36

2.06-2.73

3.38

3.20

2.69-4.03

2.02

3.74

3.06-4.82

2.46

3.69

2.69-5.73

3.24

2.85

2.47-3.38

3.81

3.62

2.77-5.28

1.67

3.73

2.98-5.04

1.69

3.74

2.90-5.47

1.74

3.68

3.19-4.42

1.70

9

10

Free Model

0.17

0.17-0.18

0

1.28

Constrained depth

0.14

0.13-0.15

17.65

0.90

Constrained resistivity

0.17

1.22

Constrained depth and resistivity

0.17

0.90

Free Model

0.31

0.29-0.33

0

1.55

Constrained depth

0.30

0.29-0.31

3.23

1.40

Constrained resistivity

0.31

1.55

Constrained depth and

0.31

1.40

resistivity
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1.23-1.32

1.19 -1.24

1.41-1.68

1.48-1.63

-42.22

-35.56

-10.71

-10.71

4.56

3.56-6.83

1.19

2.11

1.52-3.40

5.32

4.18

3.18-5.95

1.49

1.10

0.89-1.45

12.08

2.63

2.14-3.54

2.52

2.19

1.87-2.62

3.07

2.66

2.13-3.55

2.52

1.85

1.65-2.12

4.26

Depth (m)

Apparent Resistivity (Ohm-m)
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Appendix 5A
Constrained resistivity model in Westlake System on July 15, 2019.
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Constrained resistivity model in Seven Palm System on July 10, 2019. The outliers
measurements represented by asterisks were masked during inversion
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